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SUMMARY
This study relates the recent developments that have taken place
in soil stabilization techniques to low-cost housing in Pakistan. The
investigation has been carried out in three distinct phases.
The first phase of this study undertakes a brief review of the
housebuilding in the country. A survey of the building materials in a
selected region helped remove a handicap due to lack of factual informa¬
tion in this sphere. None of the existing building materials, due to
their scarcity and high costs, was found to be within the means of the
common man. Attention therefore had to be focused on earth which inspite
of it3 shortcomings continues to provide shelter to a vast majority of
the population in the Indus Plains. A study of earth housing in these
plains as well as in some other developing countries helped isolate
problems associated with the use of earth as building xaaterial. Rainfall,
particularly in conjunction with winds, was found to be one of the important
factors responsible for bringing this most abundant of the building
materials into disrepute. In recent years an extensive use of soil stabili¬
zation techniques ha3 been made in connection with the highway and airfield
construction in other parts of the world. An application of the knowledge
and experience gained in this field to revitalize earth housing is found
to be the only realistic approach to the housing problem in the Indus Plains.
• The second phase, which forms the core of this project, deals in
classifying and locating the soil3 of the Indus Plains for the purpose of
their planned use in stabilized earth housing. All soils encountered in
the region are classified into major groups based on their identifiable
characteristics significant from a stabilization viewpoint. This
objective was achieved through the cooperation of a soil survey agency.
i.
Soil information thus obtained i3 presented in the form of simple yet
comprehensive Soil Maps. These maps provide ready information about
all the important aspects of soil for undertaking a stabilized earth
project. The problem of identifying the soil, upon which rests the
whole success of this technique, is therefore almost completely solved.
After the soil has been correctly identified it only remains to determine
the requirements in terms of cement, water and compaction for achieving
tie desired results.
The third phase of this investigation was devised to determine the
above requirements for each soil group so as to eliminate the need for
elaborate testing on every site. This involved stabilization of repre¬
sentative samples of all major soil groups in the laboratory with
varying amounts of Portland cement. The specimens thus prepared were
tested for durability. Results obtained from soils stabilized with
fairly low cement contents compared favourably with those of burnt brick.
Based on these results the quantity of cement, amount of moisture and
compactive effort needed for each soil group is recommended.
This study has thus provided answers to all the practical problems
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The dilemma of someone who has set for himself the objective of
making a realistic and practicable contribution to the solution of the
problem of shelter in the third world may not easily be appreciated by
a reader accustomed to usual research techniques. To enter this vast
barren field, with mind set on a precisely defined objective, and remain
iiimune to the devastating elements rampant therein was hardly possible.
The identification and definition of the subject ultimately chosen for
study has, therefore, in itself been the outcome of an evolutionary
process. During the earlier stages, as the wide scope of the title of
this 3tudy suggests, considerable search was made into the techniques
of construction and methods of streamlining the building operations
being used in the western countries for greater productivity and economy.
A critical look at the magnitude of the problem and the resources
available soon brought home the point that a superficial marriage between
the Dast and the West, as has been attempted in some countries by trying
to import western building techniques as a package deal, cannot but
result in failure. Though the marriage did take place, as would be seen
in this study, yet it was at quite a different level and under radically
different circumstances. 2ven a casual look at the results of the survey
of building materials was enough to indicate that however efficient and
streamlined be the building industry in Pakistan, which i3 almost non¬
existent in the housing sector at the moment, it would not be able to
cope with the magnitude of the problem. Providing homes for the people
at a price which they can afford is almost a universal problem but so
acute in Pakistan that the dream of owning a healthy home with adequate
minimum standards is realized only in the case of a handful.
2.
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It became evident that the price of the building materials was
one of the most important stumbling-blocks to be reckoned with, particu¬
larly in the case of sub-urban and rural areas. If any attempt at
improving the existing housing conditions is to be viable it must first
of all aim at bringing about a drastic reduction in the cost of the
building materials. A general survey of the existing earth-housing in
Pakistan as well as in many other developing countries however revealed
the paradoxical situation where the material though costing nothing has
betrayed the confidence of its users due to its failure to stand up to
the forces of the weather. The art of earth construction developed
through centuries is, therefore, in the face of the weather coupled with
the complex influences of the present day civilization, gradually
falling into disrepute.
These factors led the author to cast a searching look into quite
a different field from that of building construction - soil engineering.
Major advances have occurred in soil engineering in airfield and road
construction. Soil has proved beyond doubt to be an economical solution
for these applications in many countries, particularly USA where many
million square yards of stabilized earth work has heen completed in
recent years.
However, it seem3 somewhat amazing that this tremendous opportunity
has not been seized by the building construction industry and no
significant attempt has been made to reduce the time lag between the
development of an important science and its application to one of the
most fundamental of human problems - the shelter. A thorough search
into literature on the subject revealed some attempts made in this
direction but they have mostly been halfhearted and unscientific. The
result in most cases therefore was a spectacular failure.
3.
The nature and type of the soil has emerged as an all-important
factor in this newly developed science of earth stabilization. It wa3,
therefore, decided to explore the enormous soil resources of Pakistan
from this angle. A detailed investigation of the soils in a selected
region followed by a laboratory study of the behaviour of these soils,
when stabilized with portland cement, forms the core of this project.
Prom the very nature of the problem it appears to be a trespass
into many fields which would conventionally be considered outside the
proper boundaries of Architecture. This in fact could have been one of
the reasons why architects and builders have so far evaded indulgence
into a field from which highway and airfield engineers have obtained
rich dividends. The author decided to accept this challenge. All
possible precautions were, however, taken to safeguard against any
pitfalls by working in close co-operation with a number of experts and
their staff wall-versed in their respective fields. Aithout their
enthusiastic support this project could not have progressed beyond
inception. It indeed has been an inter-disciplinary exercise.
In order to make the results of this study directly applicable,
not only has the written matter been kept to the bare minimum but also
in the last part the gist of this thesis has been synthesised in the
form of readily understandable and systematic information. This again
may well be considered an oversimplification of the complex science of
earth stabilization seen from an academic viewpoint; though quite in
harmony with the author's original intentions which are to make this
study of some use to the millions to whom it is dedicated. This study,
in its present form and with its inherent inability to deal with many
other important factors, can at best be described as a feasibility study.
The possibilities and the necessities of further investigation in this
4.
field are so vast that this attempt is no more than a pointer to the
direction in which may lie the solution to one of the fundamental
problems of providing minimum standard housing to the exploding
populations of the developing countries like Pakistan.
I
PART I





Pakistan shares with most of the developing countries the traits
of overpopulation, being one of the most densely populated areas in the
world; paradoxically she also has one of the lowest per capita incomes.
The financial resources of the individual or the government are far too
inadequate to tackle the fast growing problem of housing. Squatters,
ill-housed and unhoused today more than ever before, pose a challenge
which if not realized early, apart from other humane considerations, is
bound to have serious political implications.
The lack of information about building materials was one of the
main hurdles in the way of an objective study of house building in
Pakistan. A survey of building materials helped in deciding upon the
future course of action.
1.1 HOUSING POLICY
Very little has been said or done about the gravity of housing
1
conditions in the sub-continent before or after partition. There is
no doubt that the situation in urban areas is acute due to migration of
1. Lack or non-existence of factual information about prevailing housing
conditions in the country has so far prevented any realistic assess¬
ment of the housing needs. The following have, however, attempted in
different ways to give an idea of the magnitude of the problem though
in very vague terms.
i) UNITED NATIONS, "Low cost Housing in South and South-East A3ia",
Report of the mission of experts (22 Nov. 1950 - 23 Jan. 1951),
New York, 1951*
ii) see next page.
6.
ths rural population to the towns in search of employment and due to
various other reasons. But little or no attempt at all has been made to
assess the housing conditions of about 90/- of the population of the
country that lives in rural or suburban areas.
The policy, if anything of the kind exists, about rural areas has
been to leave it entirely to themselves to solve their shelter problem
as best as they can with the only material at hand - the soil. The UN
mission of experts which visited Pakistan in 1950, though it strongly
advocated improvement in rural housing, yet expressed its inability
to make any practicable recommendations in view of the magnitude and the
nature of the problem.^ This mission in fact did not go beyond a visit
to a few selected site3.
A similar attitude can be traced in the report of 'The Health Survey
and Development Committee' constituted by the then British government to
look into the problems of urban and rural housing. This report, made
public in 194-6, al30 acknowledged that the rural areas presented the most
difficult problem, but regretted that attention might have to be confined
2
only to any new villages that might be established.
ii) UNITED NATIONS, "Housing in Tropical Areas", Town and Country
Planning and Housing, Bulletin II and III.
iii) ROiDJIGSBERGaR. O.H.. "Indian Housing Problems", International
Federation for Housing and Town Planning, News-sheet VIII, 1948.
iv) HEALTH SURVEY AN0 DEVELOPMENT COMMITTEE. "Survey and liecommen-
dations", Government of British India, Delhi and Calcutta, 1946.
1. UNITED NATIONS, "Low cost Housing in South and South-East Asia",
Report of the mission of experts (22 Nov. 1950 - 23 Jan. 1951)♦
New York, 1951*
2. HEALTH SURVEY AND DEVELOPMENT CG.lfllTTEH. "Recommendations", Vol.11,
Delhi and Calcutta, 1946 (pp.219-247)•
Retreating a little further into the history of rural housing,
one discovers some attempts at imposition of western concepts of
planning when new areas were brought under irrigation in 1894 in the
Panjab. Village 3ite3 were laid out with wide dusty streets with no
other provisions of any kind. In an effort to provide more open
planning, large plots for the construction of houses were given to the
peasants. In most cases the owner, who could not afford to build and
jlaintain more than a one- or two-room dwelling, was now compelled for
the reasons of safety and privacy to build at least a wall around hi3
plot. The physical consequences of this kind of approach are illustrated
in the next chapter.
It was noticed that the incentive for the improvement in environ¬
ment came, wherever it did, from the top instead of coming from below.
The lead for reform in land use was not taken by any public or private
institution? the authorities imposed it without necessary enquiries.
No wonder this kind of approach showed little respect for social,
economic and climatic conditions prevalent in the area.
Sir Patric Geddes stands out as an outstanding example amongst
1
the foreigners who showed an understanding of the local traditions.
During his visit to the Indian sub-continent in 1914» his planning
exhibition was sunk in the 3ay of Bengal. He, however, reconstituted
it and exhibited in Madras and Calcutta. He visited many areas and
prepared half a dozen reports, though they were never executed.
Although Patric Geddes' visit did not result in any tangible achievement,
yet it was a stimulus to what was and remains the somewhat arid
mechanical conception of land use planning in Pakistan today.
1. G.2DDE3, A., "Patric Geddes in India", London, 1947*
8.
Although no provision exists in The District Board Act to regulate
the construction of houses in rural area3, detailed instructions regard¬
ing the selection of the village sites and the way in which villages are
to be laid out have been given in Panjab Colony Manual.'' Type plans
have been prepared for mud houses of different kinds suitable for village
construction but no evidence of these plans having been executed in
practice could be found. Most of the villages have grown as and where
they could without much outside control.
1.2 HOUSING R3QPIR5M3HTS
1.2.1 Availability
The scope of the present study precludes an adequate description
of the social and economic aspects of the prevailing housing conditions
in the rural areas of V»est Pakistan. The condition of the dwelling can
however generally be categorized according to the nature of the occupant's
profession as follows.
a; The owner-farmer» Due to the security of the tenure the house would
usually be reasonably built and maintained. Less overcrowding occurs in
this category. LVen in thi3 case the house would be built on self-help
basis though occasionally farm labour, if the farmer happens to have any,
may also be deployed for lending a helping hand.
b) Full-time farmworker; He would normally live in a tied house built
by himself on land owner by the farmer. Farm help is usually employed
on a yearly basis. Due to uncertainty of the tenure, the dwelling is
more often than not ill-kept.
1, GCVSIMMLNT OF BRITISH INDIA, "Panjab Colony Manual", Government
Printing Press, 1910.
9.
o) Seasonal farmworkeri This type of worker is usually migratory. He
is employed during certain periods of the year when workload on the farm
is heavy, for instance during harvesting. For the remainder of the year
he engages himself in different occupations as and where the need for
it arises. He generally squats on the open areas in or around the
village. His dwelling is a temporary shack or tent, home-made from hides
and skins of animals.
1; Non-agriculturists: They inolude shoemakers, carpenters, barbers,
weavers etc. In most cases these tradesmen make villages almost
completely self-sufficient communities. These people generally are an
integral part and permanent residents of the village. Usually they are
able to build their own one- or two-room dwellings on unoccupied pieces
of land. In cases where the nature of the occupant is migratory, he has
to look towards some farmer to be allowed to put up some kind of shelter
on his land. It is usually an ill-built makeshift kind of structure.
He may sometimes even be permitted the use of a dwelling vacated by acme
farmworker who has changed his employer. In these circumstances he
would, however, be under some obligation to return occasional favours
to his landlord in the form of running errands or rendering help at
home or on the farm in an emergency. Ho rental system is operative in
any of these categories."'
An overall picture of the available rural housing in the country
2
at the time of the 1961 census is presented by Table 1 and 2.
1. For a discussion of economic factors in rural areas in general, see
UNIT-HP NATIONS. "Economics of Hural Housing", Housing and Town and
Country Planning, Bulletin VI.
2. These tables are based on data obtained from COVEH?TT::UTT OF PAKISTAN,



































































































It may be noticed that no information about the piped water, bath,
toilet, drainage etc. is provided in the 1961 census for the simple
reason that these provisions do not exist in the case of rural housing.
1.2.2 Obsolescence
Housing in the rural areas is deteriorating very rapidly. Of the
many reasons for this, the following may be regarded as the more
important ones, though they are all inter-related.
a) Jconomio: Agriculture mostly is at subsistence level. It perhaps
has always been, but the village communities which previously were self-
contained a3 regards their primary needs, have gradually been subjected
to outside economic pressures. The simple, though from western standards
primitive, pattern of economy based on exchange of goods has cracked,
giving rise to the pressure to earn cash to procure basic necessities.
The farmer i3 consequently under constantly mounting pressure to grow
more cash crops. This leaves him with little or no time to attend to
the maintenance of his dwelling.
b) Technological: The art of earth construction in rural areas had been
a highly developed one in earlier times when man had not yet become a
specialist too much engrossed in his own particular field. A farmer or
a hunter also built his own home in his spare time. Under the stre33
of the present-day circumstances a farmer cannot think of doing much
else except farming. He has, therefore, gradually lost that skill and
art of building in earth, when faced with an unavoidable situation of
erecting a shelter for himself, he naturally tends to use short-cut
methods like replacing a dome with a flat roof. This technique, ill
suited to the inherent weakness of this material in tension, would have
obvious consequences.
12.
c) Demo.rraijhic: The population of the rural areas as well as that of
the country is increasing at an alarming rate as shown in Table 3.^
TABLE 3. RURAL POPULATION PROJECTIONS
Population Projected Projected Rate of
1961 population increase increase
(Thousands) 1975 over 1961 (percent)
Rural 80,599 108,778 28,169 2.2
Total 93,720 126,475 32,755 2.1
As the rural population increases the landholdings become smaller
and at one point uneconomical. The farmworker is then forced to migrate
(or commute if feasible) to larger towns to work for his living. Due
to the near impossibility of renting or buying a house in the town, he
leaves his family in the village and himself huddles together with
others like him in a one-room tenement in or around the town. This
phenomenon has little influence on the general pattern of the growth of
rural population as represented by Table 3« It, however, has a serious
effect on availability and condition of housing in the rural areas.
The absence of the working members of the family for prolonged periods
is directly reflected in the state of maintenance of the dwelling.
d) Climatic; The annual rainfall in the West Pakistan plains is far
from heavy but it occurs in a few months (sometimes in a few weeks) and in
1. UNITED NATION5. "Statistical Year Book 1964", Statistical Office,
New York, 1964.
2. See Chapter 2.
13.
the form of a few heavy downpours. The maximum rainfall in 24 hours can
1
sometimes be as much as 10 inches which may well be the annual figure.
The results of this on earth houses, as seen in Chapter 2, may be serious
if mud plaster is not renewed every year before the 'Monsoons'. The
consistency in the repair of earth structures required by seasonal rains
puts a heavy demand on the available human resources, so badly needed
for agricultural purposes.
All these factors, taken together with many other sociological
and psychological reasons, have set in a rapid obsolescence cycle. The
obsolescence of the existing stock an the one hand, and the increase in
rural population on the other hand, is widening the gap between supply
and demand at an equally high pace.
1.3 PHYSICAL iteJOUiiCHa
An assessment of the available resources in men, money and
materials is carried out in this section. The purpose is to find out
how far these resources are capable of meeting the housing situation
described in the previous section.
1.3.1 finance
Housebuilding is beyond the resources of not only the common man
but also of the middle class. The income of a farmer or man in the
street is barely enough to meet his other fundamental necessities like
food, clotliing etc. Private developers do not exist for the same
reason. House building is a privilege for the few who invariably waste
large sums of money on whimsical grounds. The end products are ill-
planned eyesores with a pathetic misuse of materials and resources.
1. See REFERENCE MAP 2 t A, Part IV.
A 'House Building Finance Corporation' was established in 1952
with the objective of providing loans to prospective house builders.
The results would not have been difficult to imagine even at the time
of its inception. Only the richer class has been able to make U3e of
this facility due to high rates of interest and huge costs involved in
building a house under the circumstances. No evidence could be traced
of loans from this source being obtained by the rural population.
No equivalent of what is known in the west as 'council housing'
exists even in urban areas of Pakistan. The main reasons for this are:
inadequate national resources, low priority to housing in the allocation
of the available resources and misuse of the finances intended for
'Housing and Settlement'.
As a result of persistent dispute with India over Kashmir, Pakistan
has to spend about 70, of her national budget on defence. This represents
her efforts to forestall an ever widening gap between herself and India
who, with resources six times larger, spends 6®/. of them on this account.
This is no place to discuss political issues but these figures do present
a glimpse of the tragedy which ultimately makes itself felt in added misery
of the common man in hi3 dilapidated 'home' - if home it must be called.
A look at the second and third Five Year Plan, representing a
decade of national expenditure, may impress a casual observer due to
the fact that a sizeable allocation of resources seems to have been made
to what is described a3 'Housing and Settlement' or 'Physical Planning
1 2
and Housing'. ' An analysis of the actual expenditure under these
heads reveals quite a different story. Most of the money allocated to
this sector went towards building an extravagant show-piece capital.^
1. COVflRNMGNT OF PAKISTAN. "Second Five Year Plan", Government Printing
Press, 1962.
2. GOYhldhloNT oF PAKISTAN. "Third i-ive fear rian", Government printing
Press, 1965-
3. See Plates 1-6 for some examples of 'low-cost housing' in the new
capital.
15.
TABLE 4« FINANCIAL RESOURCES
SECOND 'FIVE YEAR PLAN' ALLOCATIONS 1960-65
(excluding Defence)
(million Rupees;
(20 Rupees « £1)
Name of Public Semi-public sector Private Grand





1. Agriculture 2,515 - - 905 3,420
2. later and power 4,140 - 190 60 4,390
3. Industry 100 1,360 575 3,085 5,120
4. Fuel and minerals 179 271 - 550 1,000
5. Transport and
communicati ons
2,612 113 420 905 4,050
6. Housing and
settlement
1,410 475 390 1,135 3,410
7 • Sducation and
training
955 - 100 1,055
8. Health 370 - - 50 420
9- Social services 85 - - 15 100
10. Manpower and
employment
35 - - - 35
12,401 2,219 1,575 6,805 2,300
14,620 8,380
Govt, financed private financed
23,000
16.
TABLE 5 FINANCIAL RESOURCES
THIRD 'FIVE YEAR PLAN' ALLOCATICRS 1965-1970
(excluding Defence)
(million Rupees)
(20 Rupees - £1)
Name of Public Private Total increase
sector sector sector over 2nd
Five Year
Plan
1 * Agriculture 4,340 2,000 6,340 116
2. Water and power 8,630 300 8,930 93
3. Industry 4,750 8,300 13,050 125
4« Fuel and Mnerals 900 750 1,650 92
5. Transport and
communications
5,870 3,100 8,970 102
6. Educution 2,740 300 3,040 181
7. Health 1,180 40 1,220 133
8. Manpower and
social welfare
350 60 410 412
9. Works programme 2,500 - 2,500 213
10. Physical planning
and housing
2,740 3,150 5,090 53
TOTAL 34,000 18,000 52,000 108
17.
1.3.2 ..lanpo.ver
This is perhaps the most abundant of the resources available in
the country requiring an effective utilization both at the individual
and the national level. A large percentage of the total working
population is, in one way or another, dependent for their livelihood on
agriculture as shown by Table 6.^
In the last column are al3o included the village tradesmen together
vith the rest of the working population. These tradesmen, though not
directly connected with agriculture, are together with other working
force a potential manpower which might be tapped for building hemes for
themselves or for others. A cheap durable material which did not
























1. GOVEMiiilONT OF PAKISTAN, "1961 Census", Government Printing Press,
1961.
1.3.3 Materials
Search for an optimum material led the author into an assessment
of the availability and the cost of existing building materials. Lack
of objective information in this field necessitated a short survey of
1
the important materials used for housebuilding in a selected area.
A region comprising the new federal area was chosen for this purpose.
Some of the reasons for this choice are as follows. First, this region
on account of its geological situation contains almost all types of
natural material in use in the rest of the country. A survey of this
comparatively small area therefore provided information about a large
number of materials. Second, the means of transportation in this area
are better than any other region. These materials should therefore be
more readily available in this area in comparison with the rest of the
country. Third, due to the building of the new capital the demand is
concentrated in a much smaller area, thereby liaving a favourable effect
on the cost of these materials. Fourth, the distances between the
sources of the supply of these materials and the consumption area are
smaller as compared with other regions. Thi3 means lower cost for the
transportation of the materials.
Inspite of all the above mentioned advantages if the materials are
scarce and cost far beyond the means of the common man in this region
the picture is least likely to be any brighter in the rest of the
country. A brief discussion of each material in the light of the
findings of this survey is given below.
1.3.3.1 bu:mt 3rick. Ulay bricks are burnt in open kilns set up in the
fields as close as possible to the area of consumption and transportation
1. This information was gathered through the cooperation of a group of
students of the University of Engineering and Technology, Lahore.
19.
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routes. Suitability of the soil for the manufacture of bricks is
determined by rule of thumb methods, 3uch as visual inspection of the
soil or the existence of a kiln nearby. The Capital Development
Authority has however investigated some sites for setting up more brick
2
kilns to meet the growing demand in the area. The location of the
recommended site3 is shown on the accompanying map.
Burnt brick has often been suggested as an 'optimum' material
even for rural housing without going any deeper into the implications
of such a move.^ Even in larger towns (with adequate facilities of
transportation and concentration of demand) brick, though relatively
cheap as compared with other materials, is far beyond the reach of the
common man. Other factors apart, the possibility of setting up brick
kilns in the rural areas with extremely poor means of transportation is
far from being a practicable proposition. Inspite of heavy odds some
better off villagers manage to import bricks from considerable distances
4
to construct a room or two for themselves. Such examples are very
rare but they do represent desperate attempts to get rid of the necessity
for vigilant maintenance, associated with earth dwellings, whatever the
cost.
1. See Table 7 and Fig.1 showing looation of the brick kilns.
2. The Capital Development Authority is the controlling authority for
the planning, building and civil administration in the new capital.
3. UNITCP NATIONS, "Low cost Housing in South and South-Cast Asia",
Ileport of the mission of experts, New York, 1951*
4. See Plate 50 in 'Earth Housing,' Chapter 2.
A prior investigation of the soil to be used and scientific
production of the bricks should no doubt result in greater economies
and improvement in the technical properties of this material. However,
no amount of production efficiency can bring the cost of this material
within the means of the overwhelming majority of the population that
lives barely above the subsistence level.
1.3*3.2 Building Stone. Stone is the primary material for building
homes for the people living in the foothills of the Himalayas which
range from the north to the north-west of the Indus Plains. Small
quantities needed by these people for their extremely modest dwellings
are found locally. Primitive methods requiring considerable labour are
employed for quarrying thi3 stone.
The commercial exploitation of this material in the federal area
is carried out on a very limited scale due to high costs of quarrying
and transportation. The quality of the stone within reasonable distances
is also not of very high standard. This explains why its use is
restricted to some luxury homes - mostly for decorative purposes.
Use of this material for low cost dwellings seems far from feasible
even in the federal area. In the Plains it is not found in any
appreciable quantities to make such a proposition worthy of serious
consideration.1
1.3.3.3 Cement .Clocks. Use of cement blocks has also begun in recent
years in some areas as a substitute for burnt brick particularly where
greater speed in construction and thermal properties are the main conside¬
ration. Commercial production of cement blocks exists on a very limited
scale because of low demand. The isolated cases where their use is
1. See Table 8 and Fig.2.
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resorted to usually manufacture them on the site.'' A reliable estimate
of the cost of the final product could not be obtained because block-
making on the site was not a self-contained or continuous operation.
Labour, material and equipment used for the manufacture of blocks was
part of the total constructional operation. It was acknowledged by
some small contractors, having experience of both brick and block
construction, that there was no appreciable difference in the overall
cost of the dwelling. Small economies achieved due to accelerated
speed in construction axe balanced by the added cost due to large
quantities of cement and sand required for the manufacture of these
blocks.
1.3.3.4 Sand. River beds are the usual source of 3and needed for
building purposes. The situation of the federal area is favourable in
this respect as well because a large number of small rivers and 'nullahs'
2
flow through it. On entering the plains from the hilly region they
get slowed down and deposit good quality sand in their beds."^ Most of
the Indus Basin i3 not as fortunate because the large, slow moving rivers
by the time they reach the heartland, have few sand particles left in
them to deposit. Their beds therefore contain mostly deposited particles
of fine clay. Use of sand in building low-cost houses in the Indus
Basin, tnerefore, needs to be kept to the barest minimum.
1.3.3.5 Aggregate. The federal area ha3 fairly large quantities of
this material but the final cost after quarrying, crushing and tran3por-
1. No data about cement blocks was available due to this reason.
2. 'Nullah' is the local name for stream.
3. See Table 9 and Fig.2
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tation to construction sites become prohibitive.'' The possibility of
developments in building techniques on the lines of WO fines' based
on large scale exploitation of this material in the federal area is
2
not ruled out. Potential sources for aggregate in the Indus Plains
are however so limited and far apart that in the Plains at least there
seems little possibility of the success of a building technique based
on any appreciable use of this material.
1.3.3.6 Lime. A direct use of lime is for whitewashing purposes but
it also finds its way into the building industry in many other forms.
A very significant use of limestone is in the manufacture of Portland
cement. Large quantities of limestone are found in the North-western
region apart from other places in ./est Pakistan where cement works have
been set up. There appears to be considerable scope for the exploitation
of these deposits for increasing cement output. Quicklime for use in
the building industry i3 produced by burning limestone in kilns.^ The
use of lime for soil stabilization independently or in conjunction with
Portland cement may bring about greater economies and improvements in
the properties of stabilized earth.
1.3.3.7 Cement. As a binding agent Portland cement has revolutionized
the building industry throughout the world, dome advanced countries are
actively investigating certain other alternatives but it will be quite
some time before the conditions in Pakistan are ripe enough for such a
1. See Table 10 and 11 and Fig.2.
2. No fines is a technique developed by a British firm, WIMPEY, for
building low-cost homes.
3. See Table 12.
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change to be feasible.^ The presence of large limestone resources as
basic raw material and recent discoveries of natural gas deposits at 3ui
as fuel, forecast a happy future for this vital building material
industry.^
1.3.3.8 Steel. Pakistan is heavily dependant on imports for her steel
requirements. Soma deposits of iron ore were discovered at Kalabagh some
years ago but a decision about the feasibility of setting up a steel
plant based an this raw material has not so far been reached. A promise
of iiussian cooperation has recently given a new incentive to the project
and another feasibility study is under way. Serious shortage of steel
in Pakistan would remain even after the completion of this plant.
Maximum economy in the use of steel in low-cost housing would have to
be aimed at.^
1.3.3.9 Timber. The position of this material as regards availability
and cost i3 not better than the rest of the important building materials.
Forests constitute only about 2 percent of the area of the country. Most
of these forests lie in the remote area3 with no means of transportation.
The foothills of the Himalayas are the only source of timber in West
Pakistan but the resources are far too inadequate.^ Some inferior
1. Various types of industrial wastes, emulsions, resins and chemicals
are being tried as a substitute or to supplement the functions of the
Portland cement.
2. See Table 13«
3. Industries listed in Table 14 are not steel manufacturing plants
but merely re-rolling foundries producing items like mild steel bars
for reinforcement purposes.
4. See Tables 15-19*
varieties of timber like 'Shsesham' are grown by the farmers for their
needs on the boundaries of their fields or in the villages.1 These
local varieties are very hard and difficult to work. Their present use
by the villagers is in a very unsophisticated manner. The main trunk
of a tree is used a3 a main beam and smaller trunks as secondary beams
2 3
and battens. Joinery is kept crude and simple in detail. It is quite
apparent that for any future house building in this region the local
resources of timber would have to be relied upon. The requirements of
each farmer, as at present, may be met without much difficulty from the
trees that he grows in his fields. In some areas incentive to the
peasants for growing more trees would need to be provided in an objective
and planned manner.
This very brief appraisal only tries to show that housing demand
in rural and suburban area3 is critical and that the present high costs
and scarcity of building materials are the main hurdle in the way of an
individual building a home for himself for which he lias a crying need,
a cherished longing and the needed manpower. Under the circumstances a
viable approach towards making a house an accessible commodity seems to
be in bringing about a significant reduction in the cost of the main
material. Appreciation of this hard fact initiates a fresh inquiry into
the oldest material of construction which inspite of its shortcomings
is still the only available material for 86'/. of the population.
"It is good for the mind to go back to the beginning because
the beginning of any established activity of man is its most
wonderful moment. For in it lies all its spirit and
resourcefulness from which we must constantly draw our
inspirations of present needs." (Louis I. Kahn)
1. 'Sheesham' is the local name for Lalbergia Sissoo.
2. See Plate 33 and 43* in Chapter 2.
3. See Plate 49 in Chapter 2.
HOUSING FOR THE FORTUNATE FEW
PLATE 1.
A general view of the low-cost housing area in the new
capital.
PLATE 2.
A street scene of the housing for the lowest class of
central government employees. Notice the vaulted,
'double-roofs' to boost the architectural appearance.
PLATE 3.
A rather rare example of successful environmental
treatment of the alley, but with inadequate provision
for private enclosed space.
PLATE 4.
An application of western ideas of terraced housing.
PLATE 5.
Imposition of space standards unsympathetic to the
inhabitants' social structure and habits.
PLATE 6.
Massing of concrete and bricks with what results, at
what cost and for how many?




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Earth has been used as a material of construction from time
immemorial and down to the present da/ because of its ready availability
and constructive qualities. A few selected examples from a fairly
extensive survey of earth housing in many developing countries in
general and West Pakistan in particular are presented in pictorial form
mostly to speak for themselves about the causes that have led to the
downfall of what was once sua accomplished art.
2.1 EARTH AS BUILDING MATERIAL
Earth has been a principal building material throughout the ages
and continues to be so in the rural and sub-urban areas of the developing
countries. In order to investigate the underlying phenomenon in the
gradual disrepute of this material a four month fact-finding trek took
the author into the heartlands of many countries where earth is still
1
the primary means of erecting a shelter. Out of numerous, varied and
interesting examples one at 'Alqurna1 in Egypt is picked out for
illustration.
2.1.1 Earth housing project at Alqurna (Egypt)
This project was initiated by the Egyptian government to rehouse
the inhabitants of a whole village in planned environments and to try
out seme ideas of self-help housing. The main motive wa3 to project
this as a model village providing incentive for the villagers to follow
1. Countries visited include Morocco, Algeria, Tunisia, Lybia, Egypt,
Sudan, Saudi Arabia, Syria and Irajj.
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the example. This example has been chosen because due to its special
circumstances it occupies a significant position in the whole case for
evaluation of the merits of earth housing. Its importance lies in the
fact that the project had full government backing, and was designed and
executed by a local architect who had considerable interest in earth
housing. The villagers provided voluntary labour on a cooperative
self-help basis. Everyone concerned with the project showed great
enthusiasm. The project, true to its original intentions, was given
1
wide publicity both in the country and outside. Architects as well as
laymen were excited due to considerable imagination visible in the
2
forms and principles of structures.
Basic constructional principles were simpler to use this material
in compression only. Traditional forms like domes, arches and vaults
were used with success. Constructional details were conceived in
sympathy with the skill of the local craftsmen. Sun-dried adobe brick
was used for all buildings. In seme important community buildings one
or two courses of stone were used to act as foundations and to protect
against rising moisture.
All was well for the first two or three years after the completion,
but soon after the trouble started. When the initial mud plastering
wore off with the rains, villagers could not be persuaded to keep up
the tempo of enthusiasm associated with first thoughts of owning well-
built and healthy homes of their own. They had not quite appreciated
the fact at the beginning that maintenance efforts for larger structures,
using the same material, would be even greater than for their previous
abodes.
1. ARCHITECTURAL REVIEW. "A Model Village in Upper Egypt", by Hasan
Pathy Bey, Sept.1947» PP*97-99*
2. MARKUP, T.A., "Design Techniques for Earth Housing", M.Arch. Thesis,
M.I.T. (USA), 1955.
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The results of insufficient attention to this aspect of earth
housing soon began to show in a very spectacular manner. Penetration
of rainwater, through apparently small cracks in neglected and worn-off
mud surface coatings, started resulting in major structural failures
and soon it wa3 too late for some attempts later made to repair these
buildings. Thus within a decade of its conception, thi3 all-important
exercise in 'revitalization' of earth housing was in complete ruins.
The inhabitants gradually moved back to their original dilapidated
abodes which inspite of all their deficiencies were easier to look
after due to their small size and their less severe exposure to driving
1
rains on account of close clustering.
2.1.2 Earth housing in the Indus Plains
Earth has been a natural choice for the inhabitants of the vast
plains of West Pakistan there being hardly any other alternative
building material available in earlier times. The great Indus civilization
perfected the art of earth construction to its ultimate heights. Earth
structures as old as 3000 years belonging to this age have been discovered
2
in these plains. Ruins of their cities like Mohonjeodaro are fine
examples of planning with a great deal of emphasis on the provision of
adequate standards in acoommodation and basic amenities.
Earth is still the only building material for the entire rural
and most of the sub-urban population spread over the deltas of five
great river3 of West Pakistan. Villages are laid out on large and flat
pieces of land with very wide streets and huge plots. The cob method
1. See Plates 7-24.
2. CYTRYB, 3., "Soil Construction", The Weizmann Science Press of
Israel, Jerusalem, 1957, P«59» see pp.59-68 for a historical account
of earth building.
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of construction is mostly used, in which all male members of the family
take part. The 3oil generally has a considerably uniform texture and
colour up to a depth of 5-6 feet and is dug from as near the site as
possible. For initial construction of dwellings, at the time of layout,
sites from where the soil was to be used for the purpose were marked
out outside each corner of the village. These pits have gradually grown
larger and during the rainy season get filled up with water flowing
into them from all over the village. The water used in the houses
during the rest of the year also finds its own course in the streets
and finally to these ponds. Water thus stored in these ponds is used
as drinking water for the animal3 and for puddling earth for further
constructional purposes.^
2.2 EARTH HOUSING AH1) CLIMATE
After a brief background description, it is intended to carry out
aii objective evaluation of earth housing in the area surveyed as
regards its susceptibility to some important climatic factors.
2.2.1 Rainfall
Rainfall is by far the most obvious single element having direct
influence on the durability of the earth structure. Considered alone
the effect of rain may be in the form of swelling which is attributed
to the additional water loosening the bond between the soil particles
2
held in equilibrium by the already present adsorbed water. as these
1. See Plates 25-50*
2. In nature every clay particle carries a negative electric charge and
the intensity of this charge depends en the mineralogical character
of the particle. This negative charge attracts the positive (Hydrogen)
ion of the water, arranging the water molecules near the surface of
the particle in a definite pattern. This is known as absorbed water
and is believed to be in solid state} for further explanation see
iOIL SCIdl'TCE. "The condition of water in porous systems", by Winter-
kom, ^.F., 1956, rm.109-115*
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adsorbed layers grow during the wetting of clay particles, the
effective solid volume associated with each particle increases and if
the layers are in contact with each other the growth of individual
layers will be reflected in an increase in total volume of the soil
structure. A repetition of this phenomenon of swelling followed each
time by shrinkage associated with consequent drying out of additional
moisture, results in disintegration of mud plasters or the structures
themselves if they have no surface coating.
2.2.2 .Vinds
Another important influence of rainfall on the weathering of this
material is in combination with winds. Experiments have shown that the
amount of rain driven onto a wall is directly proportional to the
product of the rainfall on the ground and the wind-speed during the rain.
If the windspeed during the periods of rainfall is not recorded
separately the averages of annual rainfall and windspeed may be used to
establish an index of driving rain which would be a measure of the
likelihood of penetration of rain. Direction of the winds during
rainfall (or the average annual direction) would indicate the wall sur¬
faces likely to encounter most of the weathering effect of driving rain.
Effects of the above two factors in combination are noticeable
in some of the photographs taken soon after a heavy rainfall which was
accompanied by strong winds from the north. The total rainfall was
recorded to be about inches over a period of about 14 hours that it
lasted. There were no means available to measure the windspeed which,
based on previous experience, was guessed to be around 55 mph. Wall
1. BUILDING RELEARCH STATION, "An Index of Exposure to Driving Rain",
Digest 23 (second series), 1962.
surfaces facing the direction of the wind were severely wetted whereas
those lying in the opposite direction were hardly affected except due
to faulty parapet design; as illustrated in Plate 41• A close look at
Plata 47 also reveals this phenomenon.^
2.2.3 Temperature
A well-known effect of temperature variations in the case of
other building materials, in the form of shrinkage and expansion, is
also felt by earth structures; but important in this case is also their
role in causing sub-soil moisture movement from one region of the soil
to another. These moisture movements take place in vapour form,
through air spaces inside the soils having low moisture contents and
are due to differences in the Relative Humidity of the water vapour in
2
different parts of the 3oil. Differences in Relative Humidity of water
vapour are associated with variations in soil type, soil moisture and
temperature.
In the area under investigation where low moisture contents and
large temperature'variations are likely to be experienced, appreciable
accumulation of moisture under the floors may occur. The sits should
therefore be well drained and in seme areas sub-soil drainage may be
necessary. Attention may be given in the design of floors to allow the
accumulated moisture under these floors to evaporate into the room atmos¬
phere which would have the additional desirable effect of increasing
the Relative Humidity of room air in hot and dry summer months.
1• In plate 47 notice that the front wall facing south-east (with open
door) of the dwelling on the far right has barely been affected by
this heavy rain except at the parapet. Compare it with the completely
wetted wall facing north-ea3t of another dwelling on the far left.
2. Relative Humidity of the water vapour is defined as the pressure of
water vapour in soil expressed as peroentage of the saturated vapour
pressure at the same temperature. For a further discussion of moisture
movement in vapour phase see: ROAD RESEARCH LABORATORY (UK), "Soil
Mechanics for Road Engineers", H.M.S.O., 1952, pp.11 and 329»
EARTH HOUSING AT ALQJJRNA (EGYPT)
PLATE 7-
The village mosque of Alqurna. An example of success¬
ful exploitation of the plastic qualities of earth.
PLATE 8.
A close-up of the mosque wall. Notice the tapering
and the buttressing of the high wall as a recognition
of low flexural strength obtainable with this material
used as such.
PLATE 9-
Structural principles were simple and based on cen¬
turies of tradition; well-tried forms like domes and
vaults were used as roof structures.
PLATE 10.
Underside of a dome - the holes are to let in the
daylight.
PLATE 11.
Some forms were used in rather daring manner and with
success. Notice buttressing of the outer walls
supporting vaults; and tapering of the edges of the
vaults to avoid internal stresses.
PLATE 12.
A close-up of the vaults which are less than 6 inches
thick erected with interlaced bonding of adobe brick.
PLATE 13-
General details reflect a sympathy
for the qualities of the material.
Notice an unpretentious staircase
supported on an arch.
PLATE 14-
A part of the village community
centre shows that sufficient
attention to detail was given as
is noticeable in the use of stone
as foundation-cum-damp proof course.
Notice also the use of stone even
at the lower portions of the arch.
PLATE 15-
The beginning of the trouble due to failure to keep up
with persistent maintenance demanded. The worn-off
plaster allowed rainwater to penetrate, resulting in
the disintegration of structures even though they were
based on sound principles.
PLATE 16.
The vault of a house severely cracked yet intact. The
occupants moved out, salvaging whatever they could.
PLATE 17.
A distant view still gives a glimpse of its original
character.
PLATE 18.
Although many of the roof structures are still intact,
the walls supporting them reveal serious structural
failures.
PLATE 19.
Notice some belated attempts to repair the structures
on the far right.
PLATE 20.
Even the dwellings whose roofs are intact are too
dangerous to live in, therefore deserted.
PLATE 21.
The remains of the village school which cannot even be
cleared now to recover the rich agricultural land it
occupies.
PLATE 22.
The dome has fallen only after the supports gave way.
Spectacular achievement of a few drops of otherwise
welcome rain.
PLATE 23.
Alqurna today - the 'model village' that was to serve
as an example, and perhaps it has.
PLATE 24.
End of a sad tale. The sheikh with the old village in
the background, "Confine your theories to your books,
spare our poor souls".
EARTH HOUSING IN PAKISTAN.
PLATE 25.
Villages in the areas brought under cultivation during
the early part of this century are laid out on vast
flat sites.
PLATE 26.
The streets are very wide and dusty during the major
part of the year, becoming muddy in the rainy season.
PLATE 27.
Cob method of construction in a very crude and make¬
shift style is employed with no signs of any intuitive
appreciation of the form or the potentialities of the
material noticeable in many primitive villages.
PLATE 28.
The building process is a co-operative activity; all
members of the family help according to their capacity.
PLATE 29.
The walls are left to dry out for as long as one year
till the beginning of the rainy season before they are
plastered.
PLATE 30.
The soil is dug from as near the site as practicable.
PLATE 31.
The texture and colour of the soil is generally fairly
uniform up to reasonable depths.
PLATE 32.
The ditch from which the soil is dug for building
purposes keeps growing in size and accumulates rain
water during the wet months.
I
PLATE 33.
The house drainage also finds its way in the streets
and ultimately to these ponds.
PLATE 34-




The plots are enormously large in most cases, originally
intended to cater for future expansion of the families.
Notice in the aerial view the proportion of the covered
area (two rooms in the far corner) to the courtyard.
PLATE 36.
Walling up of these huge courtyards is a necessity for
reasons of privacy and security. Notice one-room dwell¬
ing with long courtyard wall as seen from the street.
PLATE 37-
Provision of courtyards nevertheless cannot be dispensed
with. They form an important living area, most of the
activities being performed within this open enclosed
space.
PLATE 38.
Courtyards are also necessary to keep the animals in;
and under the family's watchful eyes.
PLATE 39-
Annual rainfall is not heavy but it is intensive,
occurring in few weeks of the year only, accompanied
by fairly strong winds. A street just after such a
downpour.
PLATE 40.
There being no drains, the rainwater sometimes remains
in the streets for days after a heavy rainfall. Notice
the effects of rising damp on the walls.
PLATE 41 •
This wall facing south-east has only partially been
wetted and that too only from top and bottom because
the driving rain was from the north.
PLATE 42.
A peculiar sight after the rainy season. Notice that
the plaster that has not yet fallen off is also detached
from the wall.
PLATE 43-
The plaster from an entire section of the wall has worn
off, so has the occupant's trust in this material.
PLATE 44.
This is what most dwellings are eventually reduced to:
entire courtyard wall fallen off after years of exposure.
The effects of rising damp are beginning to make them¬
selves evident on the walls of the single room dwelling
itself.
PLATE 45-
Failure is not confined to outer walls, as notice here
a portion of the wall of the house has fallen off.
PLATS 46.
The acceptance of defeat, due to failure of this material
to stand up to the climatic factors, is reflected in this
attempt to support the heavy roof load on a post.
PLATE 47-
Those who still have some determination left have to
start the building activity all over again soon after
the Monsoons.
PLATE 48.
A continuous nerve-breaking cycle.
PLATE 49.
The owner of this one-roomed dwelling has resigned
himself to fate, having no time to spare from earning
his two square meals.
PLATE 50.
This family, 'affluent' by local standards, has invested
a fortune in building this single-room of burnt brick,
transported over considerable distance, in order to get
rid of repeated troubles. Has it really?
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CONCLUSIONS TO PART I
(RSFSR TO PART IV)
A brief reviavr of the housing requirements and the available
resources presents a grim picture. The inadequacy of these resouroes
combined with the present pattern of the national expenditure gives
little support to the hope that the government would be able to under¬
take housing programmes commensurate with the requirements. An
individual's own resources would therefore have to be relied upon in
the main for quite seme time to come. The rural and sub-urban population
is mostly at subsistence level. This factor weighed against the cost of
the primary building materials hardly leaves any room for the possibility
of utilizing these materials in any appreciable quantity. Soil was
found to be the only available material which the majority of the people
can afford due to its ready availability at no cost.
An examination of the past and contemporary examples of earth
housing offered some specific lessons, even if only in a negative way.
A real intuitive appreciation of the formal properties of this material
and a mature imagination was noticed in the most ancient and the most
primitive contemporary structures. On the other hand its technical and
physical properties have been little understood even in some of the
most talked about contemporary projects which due to grave failings of
strength, durability and weather resistance have added to the confusion
and frustration of the layman as regards the capability of this material
in providing a dwelling safe to live.
People living in earth houses today are continually engaged in a
struggle against the climatic elements, the severest of which is driving
rain. Rapid developments in the engineering properties of the soil for
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use in airfield and road construction in recent years seem to be quite
capable of helping them in this struggle. Soil, when treated with small
amounts of Portland cement and compacted at certain moisture contents,
has been found to improve remarkably in its resistance to these elements.
Portland cement is about the only commercial entity needed as
additive in the stabilization of soil. Thisfortunately is also one of
the few building material industries based wholly on indigenous raw
material. The presence of large deposits of limestone would make it
possible for this industry to expand as the demand for Portland cement
increases due to its use in soil stabilization. This expansion should
also make it possible for the prices to be lowered. It would be a
feasible proposition for the government to subsidize the cost of cement
for house building purposes.
An answer to the housing problems in the rural and sub-urban areas
of iVest Pakistan is thus not in importing any new materials and
techniques in the area but in revitalization of earth, which already
provides shelter to about 86/' of the population in these plains.
PART II
LOCATING THE RESOURCES
FOR STABILIZED EARTH HOUSING
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CHAPTER 3
TIES SOILS IN .VEST PAKISTAN
In studying- the characteristics of the soils and in predicting
their potentialities for use in stabilized earth housing in West
Pakistan, we cannot work with the whole continuum at once. Soils have
to be grouped into identifiable units and some criteria for such
grouping be established. This ohapter tries to identify such criteria
whioh would later form the basis of a detailed and comprehensive soil
investigation in a selected region.
The soils of West Pakistan plains have been formed by physical,
chemical and biological processes taking place on the sedimentary and
1
igneous rooks in the Himalayan mountains and their foothills. The
sediments from these mountains were carried down to the sea and deposited
there. This sea is believed to have existed in geological times
extending from Nainital (in India) to Attock in the north-west of West
2
Pakistan.
These soils, like any other soil, may be regarded as compounds of
solid, liquid and gaseous matter. The 3olid matter i3 composed of
mineral fragments in various 3tages of disintegration and decomposition.
The solid components with the greatest degree of disintegration include
sands, silts and clays. Mixed with these i3 the varying amount of
organic matter and mineral salts which are usually found to be concentrated
in the upper layer of the soils.
An inquiry into the effects of the major components of soil, i.e.
organic matter, moisture and inorganic matter, is followed up with an
1. West Pakistan plains will be hereafter referred to as the Indus Basin.
2. Private communication with the Geological Ourvey of Pakistan,
Rawalpindi.
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investigation in each oase to determine the nature and extent of these
conditions in the soils of the Indus Basin as a whole.
3.1 ORGANIC MATER IN TBS 50IL5
3.1.1 Source of Organic Matter
The source of organic matter in the soils is animal or plant
remains which are added to the soils when organisms die and which
subsequently undergo decomposition at different rates due to chemical
and bacterial action. The fraction of animal origin i3 relatively
small and does not tend to accumulate in the soil, since it is decomposed
fairly rapidly and decomposition products utilized as nutrient compounds
by living plants. The fraction of vegetable origin on the other hand
is relatively large, and persists in the 3oil for a longer period
owing to the comparatively higher resistance of some plant material to
decomposition. The total amounts of both kinds of organic matter in
the soils were found to be a function of the rate of supply from dead.
organisms and the rate of decomposition into products which are
1
subsequently removed from the soils.
3.1.2 Effects of Organic Matter
The following spheres of influence of organic matter are important
in relation to the use of soil in housing.
3.1.2.1 Hardening. It has been established that organic matter has an
2
important influence in stabilization of the soils with Portland cement.
1. ROBINSON, G.W., "Soils - their origin, constitution and classification",
Thomas Murby and Co., London, 1936.
2. PORTLAND CliHSNT ASSOCIATION, "Factors influencing Physical Properties
of Soil-Cement Mixtures", Earl J. Felt, 1955» p.13B.
From the literature on the subject it has not, however, been possible to
determine the concentration of the organic matter at which it begins to
affect the characteristics of a soil. It has been observed that its
main influence lies in its effect cn the hardening of the soil-oement
mixtures. Significant effeots, probably of a chemical nature, have
been observed in connection with cement stabilization when a3 little as
•5 percent by weight of organic matter has been present, but no
noticeable influence on the physical characteristics of a soil occurred
1
until the concentration rose above 2-4 percent.
3.1.2.2 Stability. The organic matter also has undesirable character¬
istics from a purely structural point of view, the chief of which are
the open spongy structure and the mechanical weakness of the constituents.
It will undergo considerable volume changes when subjected to load or
changes in moisture content. The natural moisture content may also be
very high, thereby giving a low mechanical stability.
3.1.2.3 Corrosion. The acidic nature of the constituents tends to
give an acidic reaction to the water in soil which in turn may have a
corrosive effect on the metals in contact with the soil.
3.1.3 Locating the Organic Matter in the Soils
In the Indus Basin organic matter was generally found to be
2
concentrated in the top 12 inches of the soil. Exceptions were noticed
in certain areas where leaching in sandy soils was said to be responsible
for causing the soluble constituents to be extracted and deposited lower
down. The distribution of organic deposits such as those of peat,
1. ROAD RESEARCH LABORATORY (UK), "The Effect of Soil Organic Matter
on the Setting of Soil-Cement Mixtures", H.M.S.O., 1962.
2. UNITED RATIONS SOIL SURVEY PROJECT. Lahore, West Pakistan.
lignite or coal, being conditioned by geological factors, would no
doubt extend to much greater depths.
It has been 3hown that organic matter adversely affects the
stabilization of soil with Portland cement. It would therefore be
1
necessary on each site to discard the top 12 inches layer of the soil.
3.2 WATSR IN TfU SOILS
3.2.1 Source
1'he soils in the Indus Basin are likely to accumulate moisture
from two main sources, from abive due to rainfall and from below due to
rise in groundwater table. Moisture from above due to climatic factors
presents no significant difficulties from the viewpoint of soil
stabilization. The rainfall in any part of the Indus Basin is not heavy
enough to cause problems of excessive moisture in the soils. This is
generally true even in the Monsoon season because the rainwater is
quickly absorbed by the otherwise dry soil} most of it being later
evaporated into the atmosphere due to high temperatures and low
humidity. The phenomenon of water from below is, however, peculiar to
the kind of situation in the Indus Basin. Due to the importance of this
factor for earth housing a fairly detailed assessment of the situation
was felt to be necessary and is carried out later in this chapter.
3.2.2 Effects
The effect of water on soils can be observed in two distinct wayst
its physical influences and effects as a solvent.
1. Ibid! concentration of organic matter in top 12 inches of soil was
found in nearly all cases to be above 2 percent by weight.
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3.2.2.1 Physical Influences. These are effects due to liquid
characteristics and are manifest in the following phenomena:
a) Cohesion: Mechanical cohesion of the soils is believed to be due
mainly to the presence of water. The individual particles in the soil
1
mass are held together by films of moisture. This property of the
soils is of fundamental importance in stabilization because their
cohesion can be changed and improved by appropriate methods.
b; Swelling: This effect is associated with hydration of particles in
clay soils. During the wetting of a clay the thickness of existing
moisture film3 grow3 thereby increasing the effective solid volume
2
associated with each particle. If the layers of moisture films are
in contact with each other, the total volume of the soil structure will
also increase due to this increase in the thickness of the individual
layers. This is the principal cs,u3e of the disintegration of the earth
structures exposed to this effect due to rains.
c) Shrinkage: It i3 usually associated with loss of moisture due to
evaporation. The reverse of the phenomenon described in swelling occurs
reducing the volume of the total soil.
d) Plasticity: When a mass of 3oil is subjected to stress above its
elastic limit, it will be deformed and ruptured. If the soil is
cohesive, however, and its moisture content is high enough, deformation
is not accompanied by a breakup of the structure but plastic flow takes
place instead. Plasticity is a characteristic of all cohesive soils,
and relationship between the plastic properties of a soil and its
constitution and mechanical performance are of considerable importance
in soil stabilization.
1. SOIL SCIDNCS, "The condition of water in porous systems", by
Winterkorn, H.F., 1956, p.110.
2. Ibid.
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e) Compaction: This effect is also dependant upon lubrication of the
soil particles by moisture, in which the particles axe made to pack
more closely together through a reduction in the air voids, generally
1
by mechanical means.
f) Permeability: Hydrostatic forces may be developed due to some
externally applied pressure giving rise to movement of moisture in soil.
The rate at which this movement occurs is affected partly by the
magnitude of these forces and partly by the resistance offered by the
soil.
3.2.2.2 effects as a Solvent. In addition to its purely physical
properties the water in soil possesses characteristics of interest due
to its action as a solvent. The soluble salts are dissociated in
solution giving rise to positively charged ions (cations) of such metals
as Sodium, Calcium, Magnesium and Aluminium which have the property of
being adsorbed on the surfaces of the soil particles. Such ions are
often referred to as exchangeable bases, and the nature of exchangeable
base3 in a soil can influence its physical properties to a considerable
extent.2
A rise in groundwater table can also lead to crystallization of
some soluble salts. When a considerable upward movement of moisture
occurs, it may transport with it dissolved salts such as Sodium Sulphate
and concentrate the salts in the surface strata of the soil, where they
crystallize and disrupt the soil structure. This phenomena is called
'Salinity' and will be looked into later.
1. This aspect will be considered in detail in Chapter 9*
2. For a fuller discussion of 'Base Sxchange' see: MHTCAIF, J. 13.,
"Soil Stabilization and its Application to Road Pavements",
Ph.D. (Civil Sngg.) Thesis, Leeds, 1958, p.12.
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/mother serious effect of the groundwater table reaching too
near the surface occurs in the form of what is known as 'waterlogging*.
A waterlogged soil is that where the subsoil water table has risen to
such a height that the evapotranspiration 3tarts due to capillary action.
Any further rise of water table diminishes because the additional rise
is counterbalanced by the evapotranspiration. This type of situation
is likely to be very detrimental to stabilization process due to
excessive moisture present in the soils.
3.2.3 Locating the Ground Water Table
The problem of waterlogging being fairly extensive in the Indus
Basin, it was necessary to try to isolate regions which may give
unsatisfactory results if stabilization were carried on there. There
being little abrupt variations in the groundwater table it was possible
to prepare a general reference map showing ground water contours.
(See Reference Map 4 in Part IV.)
3.2.3.1 Ground water under pre-irrigation conditions. The canal
irrigation of the arid and semi-arid zones of the Indus Basin was
started 70-80 years ago. Before the introduction of canal irrigation,
the water table in the upper part of the Indus Basin in the Punjab area
at the deepest positions was 90-100 feet near Lyallpur, 4° feet near
Sialkot and Sheikhupura, 30 feet near Pasrur. In the rest of the Rachena
2
Doab it ranged between 20-40 feet. In the southern part of the Indus
Basin in Sind area, the water table was also beyond 20 feet. The areas
1. Private communication with Director, Soil Reclamation Directorate,
Lahore, hest Pakistan.
2. 'Doab* is the local name for the area lying between two confluent
rivers. The names for different 'doabs' are derived by combining a
few letters of each of the two rivers, e.g. 'Rachena Doab* lies
between the rivers itavi and Chenab.
forming the active flood plains adjacent to the rivers, however, had a
water table within 10 feet in both uppsr and lower parts of the Indus
Basin. At that time the groundwater hydraulic system was in a state of
dynamic equilibrium. There was no long-term rise or fall of water table
and the recharge from the infiltration of rivers and rainwater to the
groundwater reservoir balanced the discharge under the natural evapo-
-J
transpiration process (see Fig.3).
3.2.3.2 Ground water under irrigated conditions. The equilibrium was
upset by leakages mainly from the new canals (nearly 41*000 canal miles)
2
and water courses emerging from 60,000 outlets. Losses from the
distributaries range from less than one cusec per mile for the small
distributaries to over 20 cusec per mile for the main canals. At least
33 percent of annual head supplies percolate downward to the natural
water table.^
In the lower part of the Indus Basin, namely Sukkur and Gudu right
bank, the infiltration of applied irrigation is the major source of
recharge. The Sind practice of 'pancho* with continuous flow of water
over rice fields to provide temporary relief from reducing conditions
is an instance of wastefully heavy irrigation. The rate of rise of the
water table has been recorded to be in the order of 1 to 1.7 feet per
year until it came within 30 feet of the surface. As the water table
became higher the rate of rise correspondingly became slower a3 shown
in the following Table.
1. Data supplied by Directorate of Land Reclamation, Lahore, .Vest Pakistan.
2. One canal mile » 5000 feet.
3. Annual head supplies amount to 70 million acre feet.
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TABLE 20 GROUND ..AT.RI UNDER IRRIGATED CUIIDITIQNS
Water Table Rate of Rise
(Depth from soil (ps^ year in feet)
surface in feet)
30 and above 1.0 - 1.7
15-30 0.3 - 0.7
5-10 0.1
It is noticed that at some depth between 5-10 feet from the natural
surface the rising water table attains a stable position showing only
seasonal fluctuations, and thus a new equilibrium is established
depending upon the land elevation, intensity of irrigation, seepage from
canals and climatic factors.
The latest overall situation as regards soils affected by the
ground water is shown in Table 21 and summarised below.
a) The Doabs. Rachena, Chaj and Bari doabs having extensive irrigation
systems are considerably affected by waterlogging. About 73, 50 and
21 percent of Chaj, Rachena and Bari doab respectively fall within the
water depth zone of 0-10 feet from ground surface. In Bari doab more
severely affected areas are in the southern part of Multan and in the
northern parts of Montgomery and Lahore districts. A further breakdown
of the water table depths in the areas likely to have undesirable
effects is given in Table 22. Drainage schemes in these areas, completed
and under construction, are likely to improve the situation considerably.
b) Bahawalpur. -Water table in most of the cultivated areas in
Bahawalpur is within 15 feet of the surface and in most parts the
underground water is highly saline. At present severe waterlogging
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exists in the area irrigated by Sastern Sadiquia canal north-east of the
town of Bahawalpur, and along the upper part of Panjnad canal in Rahim
yar Khan. The Bahawalnagar area suffers from a shortage of irrigation
water as well as of waterlogging.
c) Sind. The water table in about half a million acres of Larkana and
Shikarpur fluctuates between 7-9 feet during rice cultivation and dry
seasons respectively. There are large areas with high water table in
which the water constantly continues to rise to the surface and deposits
3alts after the water has evaporated. One such area is the broad plain
of upper Indus, stretching 200 miles along the right bank of Indus from
Dadu 75 miles above Hyderabad to Kandhkot and Kashmore. The other
region of waterlogging is the lower Sind plain and the Indus delta which
are irrigated by the canal system of new Gulam Mohammed Barrage.
3.3 INORGANIC MATTKR IN THE SOILS
3.3.1 Source
The source of the inorganic or mineral components, which form the
main bulk of a soil, lies in the various types of rocks occurring in
the earth's crust. These components are formed due to soil forming or
'pedogenic' processes which may be both of physical and chemical nature.''
The mineral matter in soil usually occurs in the form of solid
particles of different types. An investigation of soils based on particle
sizes will be taken up in Chapter 4; this section deals with the problem
of inorganic salts in the soils. These salts may be present either in
solution or in crystallized form. In addition to the inherent salts in
the soil profile, the irrigation water is also the source of salts.
1. JGNNY, H., "Factors of Soil Formation", McGraw Hill Book Co. Inc.,
New York, 1941*
g: 3 earliest water table conditions
legend
water table above io feet
o 20 feet
20 30 feet tttvt?
30 40 feet
40 so feet mmm
50 80 feet .1





























































































































































































































































































































The amount and the nature of the 3alts present in the soil affect
the alkalinity or the acidity of the soil which in turn has a marked
effect on the physical properties of the soil.
In addition to thi3 the soluble salts themselves may affect in
various ways the soil or structure in contact with it by:
a) Attacking concrete and other materials containing cement.
b) Disrupting porous materials such as the soil itself by crystallization.
c) Corroding metals, such as iron pipes.
The following table shows the criteria used to define the degree
2
of salinity of a soil.
TABLE 23 EFFECT Qg 3ALT3 0N SOIL
Mapping"^
symbol
Salt content P value^ Soil
Characteristics
No symbol Lower than 0.2 Less than 8.5 Normal soil
S2 Lower than 0.37 8.5 - 9.0 Slightly saline
S3 0.37 - 0.5 Below 9«0 Moderately saline
s4 Above 0.5 Above 9*5 Strongly saline
1. Alkalinity or acidity of a soil is quantitatively measured through
H
determination of its F (Hydrogen ion concentration). See Chapter 5«
2. This classification of saline soil is based caa the laboratory and
field experiments conducted by the Soil Reclamation Directorate on
vi'est Pakistan soils between 1927-1940*
3. These symbols are used in Reference Map 8 in Part IV.
4. P*1 is the measure of Hydrogen ion concentration.
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3-3.3 Locating Salinity in the Soils
The salts from sea water and those resulting from the mineral
decomposition were more or les3 uniformly distributed throughout the
soil profile under pre-irrigation conditions. With the introduction of
irrigation and subsequent rise in ground water table the salts
concentrated at the surface depending upon the load of irrigation. The
soil profile of the Indus Basin is characterized generally by the
presence of sodium salts predominantly of sulphates, chlorides and
carbonates. In the northern part of the Indus Basin (Panjab and
Bahawalpur areas) the predominating salt is sodium sulphate whereas the
lower part of the Basin (Sind) is impregnated with sodium chloride.
1
Apparently sodium carbonate is not found in Sind soils. As already
mentioned these soils may be the remnant of the period when alluvium
was deposited in the sea water.
With the rise of water table under the influence of capillarity in
the majority of the areas of varying salt concentration of ground water,
salts are being added at the rate of 1450 lbs to 8000 lbs per acre per
year, in the northern region of Punjab. In Chaj, Rachena, Bari and
Thai, constituting an area of 16.4 million acres, about 4*36 million
acres have saline ground water containing over 1000 parts per million.
In the lower Thai area the saline water is confined to a limited area
of 0.30 million acres out of a total of 1.4 million acres. Ground
water all over Sind area is saline except those areas which constitute
the flood plains or where rice cultivation was practised or in the
vicinity of big canals, where the irrigation water had the effect of
depressing ground water downwards. In the high delta areas of Gulam
1. The presence of sodium carbonate is discernible visually since it
forms a black layer (locally called 1Kallar') on the soil surface.
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Mohammed Barrage and tail of Sukkur Barrage the ground water is very
saline within shallow depths. Table 24 shows the overall picture of
salinity in West Pakistan; Tables 25» 26 and 27 are figures for each
doab; and Table 28 is a further breakdown of thes9 doabs into district
wise figures.
This information is later used in the preparation of Reference
















































































































































































































































































































































































































































































































































































































































































































































The object of this chapter is to describe briefly how an under¬
standing of the soils and prediction of their behaviour for stabilization
purposes was obtained from the results of an agricultural soil survey
1
carried out by an international organisation. lo achieve this objective
an extensive programme of observation, experimentation mad correlation
was undertaken with fu.il cooperation of this organization. The role of
the author in this 3oil survey was primarily that of an observer}
participating in the survey for the purpose of obtaining soil samples
but concerned mainly with the results of the analysis of these samples.
A syotem of classification, considered suitable from soil stabilization
viewpoint, wan adopted and detailed soil maps based on this system were
2
then prepared for a selected region. Assuming the adequacy of the system
of classification adopted, it should be possible to make reliable
predictions from these soil maps. This, it is hoped, will make possible
an orderly application of our knowledge in the field of soil science to
our specific area of interest - Karth Housing.
.1 - d-i:.
Ho detailed description of the soil survey procedures i3 necessary
here because, a3 stated earlier, this 3tudy lias relied almost exclusively
on the results of the survey conducted by another organization."^
1. UHITAD ffATIQNc GJIL dUAV-lY PROJECT. Lahore, West Raids tan.
2. bee RRFLRtlNCL i.lAR s 8 in Rart IV.
3« Ror further details of soil survey procedures see "uipfmu
HLRARI. LINT OR AGRIdULTORLI. Handbook No. 18.
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Such an extensive use is later made of these results that a brief
outline of the major activities involved in gathering this information
however appears to be quite in place.
4.1.1 Preparation for Field Work
Soil survey i3 a complex operation; many technical details and
services of several kinds of specialists and a large number of their
staff are involved, Bach survey party before setting out for the survey
had a clear understanding of the work to be done. General specifications
and assignments of each professional worker and participant were set
forth in 'Soil Survey Work Plan', whose essential items were:
a) Name, location, size and boundaries of survey area.
b) Description of the principal physical features of the area.
c) List of any previous surveys of soil, relief, geology or vegetation.''
d) A list of equipment and transport needed.
e) Names of the workers.
f) Scale of the maps.
A 'Base lap' on 1s6000 (1"=500') was prepared a3 accurately as
possible for each of the areas to be surveyed. As many of the physical
features as possible were incorporated into the map. These features
included canals, smaller water distributaries, roads, railway track, any
structures, tree3 etc. These physical features and their proper
location on the map is of considerable significance 3inca these act as
reference points. For the purpose of taking soil samples in an organized
manner, a grid at one inch interval (500') was laid on the base map.
Bach point on the grid was thus defined in reference to some physical
features on the map.
1. Considerable information about the geological and soil conditions was
often available from the survey of Pakistan and land records of
respective District Boards.
7<3.
4.1 .2 Site iuconnai33ance
A preliminary rsconnaissan.ee by visiting the site intended to be
surveyed usually provided useful broad indication of the nature of the
soil. The general topography often gave some indication an to whether
the soil conditions were likely to be variable or not. Some idea about
the depth of water table below the surface could often be obtained from
an inspection of the village well or, in case of high water table areas,
even some ditches. Similarly 3aline land would oometime3 make itself
discernible through a white or black layer of 3alt on the soil surface.
A change in vegetation over quite a small area often indicated important
changes in the sub-soil or rock formation. . wild plant locally known
as 'Dab' was a familiar sight on waterlogged and marshy lands. After
the site reconnaissance the preliminary plan of boring had often to be
adjusted to site conditions. The revised plan of sample areas depended
entirely on the nature of the soil encountered. The distance between
bore holes was as much as 1500 feet in very uniform ground or sometimes
as little as 100 feet in quickly changing ground.
4.1.3 Obtainin. trie hamples
After the layout of the borings was finalized, the position of the
holes would be pegged on the ground. Axcept on marshy ground or in very
large fields, it was usually sufficiently accurate to set out the
positions of the holes by ranging rods or flag poles on the line of the
borings. Use of theodolite was rarely resorted to. Post-hole auger of
1
5 inch diameter was generally employed for obtainin; samples. at least
one sample was taken from each stratum found in each boring, samples
were placed in separate sample tins and their nature noted on the boring'
1. Power augers were frequently used for deeper borings.
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record. Pull and systematic records were kept of each boring on
boring record sheets. Part of the boring records was filled on the
field and part subsequently. The description of the site gave the
nature of the ground and stated the depth of loose leaves etc. removed
before boring. The description of the soil included its colour, texture,
consistency, structure and any other characteristics possible to note
from visual inspection e.g. organic matter salinity etc. A tentative
designation of each soil according to the classification system used
1
was also made at this 3tage.
The soil samples thus obtained were investigated according to the
procedure outlined in the next chapter.
U2 THE SOIL G LAocilFI G ATI ON
many hundreds of unique kinds of 3oil exist in ./est Pakistan; as
many as there are genetic factors. The characteristics of each could be
learned through observation and research in the field and in the
laboratory. The history of the soil and its potentialities are contained
in these characteristics, considered collectively. The influence on
soil behaviour of any one characteristic or of a variation in any one
depends upon the others in combination. Nevertheless, just as no two
white pine trees are entirely identical yet all tree3 called white pine
have certain differentiating characteristics in common, so have the
soils. In order to organize our knowledge and remember it, recognize
individual kinds of soil, see relationship among soils and formulate
principles of prediction value, the soils were grouped in accordance
with a system of classification developed by the United States Department
1. The system of classification used is described in the next Section.
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1
of Agriculture. A number of other systems were also available. Each
2
has its own merits and shortcomings. None of the present systems in
fact was found to provide the answer to all the questions arising in
connection with soil behaviour for the purpose of stabilization.
A triangular diagram used in this system of classification to
relate the percentages of sand, silt and clay fractions in the soils is
illustrated in Fig.4. Shown on the figure are also the recommended
limits of particle sizes for defining various soil fractions. Simple
field and laboratory tests, as discussed in the next chapter, are used
as the basis of classification.
Textural classification illustrated in Fig.4 is described in
tabular form in Table 29 • It will be noticed from these that thirteen
different groupings of basic soil texture have been obtained with
various combinations of the three basic soil fractions sand, silt and
clay. Bach of these textural classes has been assigned a definite
range within which their constituent fractions may vary. For example,
a soil to be classified as 'sand' must have clay between 0-10 paroent,
silt between 0-15 percent and sand between 85-100 percent of the total.
These thirteen basic soil types have further been grouped into
five main textural soil groups. All the soils encountered in the area
covered by the soil survey were divided into these five major groups.
Each soil group, however, was assigned a place name instead of its
textural name for the sake of simplicity. For example •Moderately
1. UNITED STATES DEPARTMENT OF AGRICULTURE, "Soil Survey Manual",
Department of Agrioulture Handbook No.18.
2. HICKS. L.D., "Use of Agricultural Soil Maps in Slaking Surveys", North
Carolina State Highway and Public Dorks Commission, USA, p.110.
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coarse textured soils' were now called 'FARIDA'. These soil names are
the place names where that particular group of soil is in preponderance.
Table 30 shows areas under each of these soil groups.






































































































































4 TEXTURAL CLASSIFICATION DIAGRAM
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THE SOILS PIT BSLIAH'/ALA. SITS
This chapter gives a brief resume of the tests used in the
classification of the soils, as carried out in the previous chapter,
with reference to a particular 3ite in the area. Detailed descriptions
of these tests are avoided because they are given in the standards to
which reference is made in each case.
5.1 CRAMJLCMETRIC ANALYSIS
This system determines the basic soil components by measuring the
size of the particles within a given range by mechanical means. It is
based on the assumption that a soil material may be sub-divided into
fractions according to the size of the constituent particles. Various
research organizations establish the upper and lower limits of such
fractions rather arbitrarily within which the range of particle size
exhibits standard engineering functional quality. The main distribution
of such arbitrary limits under the US Department of Agriculture scale
are shown at the bottom of Fig.4.
The mechanical analysis is a series of operations to which soil is
subjected. Material retained on f" (20 mm) round hole sieve cannot be
analysed in this system. The test procedures are described in B.S.1377
(1967).'' It is difficult to make a granulometric analysis of the fine
soil particles by using sieves. For this reason the fine material is
usually tested in the laboratory by methods of wet analysis based
1. BRITISH STANDARDS INSTITUTION, "Methods of Testing Soils for Civil
Engineering Purposes", Test 7* 'Determination of Particle Size
Distribution', B.S.1377 0967)> P*55«
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principally csn the speed of sedimentation. The finer the particle, the
more time it requires to settle through a certain distance. The test
described in B.3.1377 for fine grained soils was used for this purpose.
The results of a mechanical analysis are usually represented
graphically in the form of a particle size distribution curve. The
abscissa of this curve are diameters of particles plotted on a logarithmic
scale and corresponding ordinates show on a normal scale the percentage
2
of particles finer than a given equivalent diameter.
5.2 STATES OF CONSISTENCY
The cohesive character of a soil depends mainly on the clay content,
therefore when dealing with a soil it is very important to know not only
its granular composition but also certain physical properties of the
material made up of fine particles. Clays vary greatly in their
physical and chemical characteristics, apart from actual particle size,
and owing to the extremely fine size it is very difficult to investigate
their properties. For the purpose of soil stabilization the character¬
istics of a clay may be usefully expressed in terms of its states of
consistency.
Soils may assume various states, between the extremes of solidity
and liquidity, according to changes in their moisture content. For
instance if a cohesive soil is immersed in water it will disintegrate
and in the presence of a sufficient quantity of water it may be
transformed into a viscous liquid by stirring it well. It is then said
1. BRITISH STANDARDS INSTITUTION. "Methods of Testing Soils for Civil
Engineering Purposes", Test 7(8), 'Standard Method for Fine Grained
Soils', B.S.1377, p.61.
2. See Fig.5 in Chapter 6.
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to be in the liquid state (first state of consistency). Upon drying the
mass becomes denser and stiffer and at a certain moisture content termed
•liquid limit' loses its capacity to flow as a liquid but can be readily
moulded and holds its shape. The mass is now in the 'plastic state'
(second state of consistency). Upon further loss of moisture the
plastic properties are lost, and at a certain moisture content termed
'plastic limit' the soil crumbles when worksd. This is the semi-solid
state (third state). If the process of evaporation continues the soil
mass passes gradually from the semi-solid to the hard solid state
(fourth state). The limit between semi-solid and solid state is the
'shrinkage limit'. An outline of possible states of a cohesive soil
may be tabulated as follows:
TABLE 31 STATES OF CONSISTENCY
States of Limits between








1. 'Determination of liquid limit', B.3.1377 (19^7)» P»33»
2. 'Determination of plastic limit', B.3.1377 (19^7)» p»42.
3. 'Determination of linear shrinkage', B.3.1377 (19^7)» P«45*
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Cohesive soils can also be conveniently shown on a plasticity
chart.'' On this chart the plasticity index is plotted against the liquid
limit. It is possible to predict to a certain extent the behaviour in
the field of a certain 3oil by the help of thi3 chart. For instance a
sandy loam 3oii absorbs a comparatively small amount of moisture, dries
out quickly, and is practically non-plastic. The plasticity index of
such a soil is low. On the other hand a clay or loam soil readily
absorbs moisture, dries out slowly and is plastic. A high liquid limit
and a high plasticity index show that a soil has a great affinity for
water. Correspondingly it will have a marked tendency to volumetric
change through change in external moisture conditions. Such a soil
will be more difficult to stabilize than one with a low liquid limit and
low plasticity index. It will also be more difficult to mix with cement.
3.3 ORGANIC ilAIfih
The surface layer of almost all soils contained organic material
and it would be prudent in nearly every case to discard the surface
layer. In most cases removal of up to 12" of surface layer was
sufficient to ensure freedom from organic matter, but in certain
localities particularly in villages near the rivers, there may be
beds of recently deposited surface. It is therefore desirable to carry
out a test for organic impurities when the magnitude of the project
requires this and the facilities are available. The standard test for
2
organic matter is described in B.S.1377*
1. CACAGi.uiU-uL, A.. "Classification and Identification of Soils", Pro¬
ceedings of the American Society of Civil Ungineers, 1947» pp.783-810.
2. BRIXIS'l STANDARDS INSTITUTION. B.S.1377 (l9o7), Test 8, p.86.
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*3»4 5CIL -ISACTICN
Soil reaction receives special emphasis in soil identification,
because it gives an indication of other soil qualities lass easily
determined directly. The intensity of soil acidity or alkalinity is
H H
expressed in P . iVith this notation K 7 is neutral, lower values
indicate acidity, and higher values show alkalinity. The Pu of the
soil horizons in the area surveyed varied between 7*1 —10,2 but it is
H
possible to find soils with P as low as 3»5. The corresponding terms
j!




Cxtremely acid below 4.5
Very strongly acid 4.5 - 5.0
strongly acid 5-1 - 5.5
Moderately acid 5.6 - 6.0
Slightly acid 6.1 - 6.5
Neutral 6.6 - 7-3
Mildly alkaline 7-4 - 7.3
Moderately alkaline 7-9 - 8.4
Strongly alkaline 8.5 - 9.0
Very strongly alkaline above 9.1
Soils rich in clay or in organic matter were found to have greater
reserves of acidity or alkalinity than sandy soils or those low in
organic matter. A P1'1 value much above usually indicated the presence
of 3ome free carbonates but not always. It has been shown, baaed on
09.
the relation between the Pa of the soil and the seven-day compressive
strength of the stabilized 3oil, that a large difference in behaviour
of alkali and aoid soils exists. Alkali soils (Pix greater than 7)
H
proved to be far more suitable for stabilization than acid soils (P
1
less than 7) in this study carried out on UK 3oils.
II 2
The colorimetric method was used for the determination of P .
5.5 SALT CUUiU.'i'
Determination of the 3ulphate content of the natural soil and
sulphate content of ground water was made using the standard method
2
given in 3.3.1377• The method involves preparation of an aqueous
extract of the soil since all salts concerned are sufficiently soluble
in water for the purpose.
5.6 ./AT3R TABID
The water table was measured from the holes initially bored for
the purpose of obtaining soil samples. The hole was left for about
24 hours for the water to rise to its final level. The level was
usually measured by lowering a weighted tape until its lower end ju3t
touched the water surface. In some cases where water level was high
enough it could also be measured by a ranging rod.
1. UUTIii ; , "The 'ffect df s il organic matter on the setting
of soil cement mixtures", Iioad Research Laboratory, UK, 1962.
2. 'Determination of the i'"1 value', B.3.1377 0967/'» p.103.
3. 'Determination of the sulphate content of soil and sulphate content
of ground water', B.3.1377 (1967). P»90.
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-I**-..- ;. Under ee-ttein conditions boring sometimes disturbed ,
zone of more than usually permeable soil in which rapid flow was
taking place. In -both- these circumstances another hole nearby was
down as a check.
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CONCLUSIONS TO PART II
(Refer to Part IV)
A review of some of the soil problems such as waterlogging and
salinity in some areas, followed by an extensive soil survey in Thai
area revealed some interesting facts which may be summarized as below
and are embodied in graphic form in the concluding part of this study.
a) Almost the entire Indus Basin is a flat stretch of thousands of
square miles with very gentle slope towards the Arabian Sea. This vast
plain seems to offer itself for extensive exploitation not only in the
use of the soil resources but also in the application of mass housing
techniques based in principle on road making procedures, for which
level and unobstructed sites may be an important prerequisite.
b) The ground water table in certain areas may be too near the
surface to be desirable from the point of view of attaining optimum
moisture conditions in the soil for subsequent compaction. This however
does not generally present a significant problem because water table in
very few areas has reached above ten feet from the ground surface which
may be taken as an arbitrary criterion in absence of any information on
this particular question. This limit is suggested based on the determina¬
tion of natural moisture oontent, which up to this level was found to
1
be still lower than the optimum moisture of compaction.
c) Accumulated salts both from within the soils and due to canal
water in the soils of some areas is another danger to be guarded against.
The presence of salts is quite often detectable visually apart from
1. The significance of this factor will be discussed in Chapter 9«
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laboratory testa. Stabilization in areas severely affected by salinity
is not recommended until more is known about the effect of salts on the
stabilization of soils with cement.
d) The occurrence of any particular range of soil was generally
large enough to be plotted on a reasonable scale and be used for future
reference and planning purposes. Frequent changes in the soil texture
over small areas were rare and where such patches did occur they could
generally be identified visually as wall due to changes in physical
features.
e) The soils generally were reasonably well graded mixtures of
sands, silts and clays which later gave good results due to finer
particles packing the voids in the coarser particles. Soils composed
solely of any one of the textural elements alone were rare and occurred
in isolated and easily recognisable profiles. It would therefore be
possible in almost every case to use the soil from the site itself for
house building purposes. Only in rare cases it may be necessary to mix







The whole structure of stabilization rests on the suitability of
the soils in that particular area. No doubt it is possible to stabilize
almost any soil, but the objective is not to establish the theory of
stabilization but to find the feasibility of a practical application of
the soil resources identified and located in the previous chapters. A
programme of laboratory experimentation was therefore devised to help
determine suitability criteria of each of the major soil groups by
subjecting their stabilized specimens to durability tests.
6.1 SOIL IN STABILIZATION
The behaviour of soil when stabilized with Portland cement is
determined by various constituents in its composition each imparting
its properties to the final product in its own way. The ultimate
influence on the final product is therefore dictated by the proportion
of these constituents in the soil. The effect of each of its components
is briefly reviewed below.
6.1.1 Gravel and Coarse Sand
These supply frictional resistance and give structural strength to
the mixture. These fractions do not exhibit cohesion, plasticity or
colloidal properties and therefore are called chemically inert.
6.1.2 Fine Sand




This size of material is useful in filling the voids and also
provides a small degree of frictional resistance. It has slight
cohesion which is of a temporary nature. This cohesion is caused by
the presence of minute water films which enables very close packing of
the particles.
6.1.4 Clay
Clay has practically no frictional resistance but gives strength
by its considerable cohesiveness due to interraoleoular forces and
moisture films.
6.1.5 Colloidal Clay
The particles of a part of the clay content are so small that the
adsorbed layers of moisture affect the properties of the material} that
part of the clay oontent is then said to be in Colloidal State. The
upper limit in particle size coincides with the limit of clay partioles
i.e. .002 mm. These colloidal particles are responsible for the
particles not coalescing into larger grains which means that clay in
bulk is a collection of very small particles in fluid medium which
1
results in a very plastic material.
6.2 TESTS POit SUITABILITY
6.2.1 Obtaining Soil Samples
Samples were obtained from the selected locations representing
each 3oil group. A conscious effort was made to ensure that the results
1. AITHTAG:^, J.o., "Chemical fretreatment for Soil Stabilization"}
M.Sc. Thesis, Leeds, 1959•
95.
of this investigation represent not merely the best but all variations
of soil composition within a major soil group. It therefore needs to
be emphasized that the results obtainable in most areas should be far
more optimistic than what this study represents.
The natural moisture content in each case was determined immediately
after the soil was taken from the bore hole.^
6.2.2 Determining Optimum Moisture Content
Samples of soil were sealed and brought to Belianwala site
laboratory for testing. The samples were prepared by standard method
2
which involved drying and pulverizing. Drying of the samples was
carried out by spreading the soils in different trays and allowing to
dry in the air at room temperature for four days. B.3.1377 allows if
necessary drying in oven at temperatures up to 110°G, but oven drying
of samples was not necessary due to high air temperatures. It was also
not recommended by the soil chemist advising in laboratory experimentation
on the ground that some soils particularly those containing much organic
matter and some heavy clays would undergo irreversible changes. The
dried samples were ground by means of a rubber-covered pestle so as to
break the soil aggregates without crushing the individual particles.
Optimum moisture of each sample was obtained using standard method."^
1. B.3.1377, Determination of the moisture content, sun bath method, p.28.
2. B.3.1377, Preparation of disturbed samples for testing, p.15«
3. BRITISH STANDARDS INSTITUTION. "Methods of Test for Stabilized Soils",
Test 4, •Determination of the Dry Density/Moisture Content Relation¬
ship', B.S.1924 (1957), P.32.
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6.2.3 Preparing Stabilized Soil Specimens
Prepared soil samples representing each soil group were mixed with
varying amounts of cement and moisture contents. Each specimen was
compacted by the standard method at its optimum moisture content
(without cement as determined previously), at moisture content slightly
below and above the optimum. The specimens were cured for 28 days in
a moist room.
6.2.4 Testing for Suitability
The standard tests available for determining the resistance of
stabilized soil to the destructive forces of weather were developed
originally to simulate the weathering of this material as used in roads
and airfield construction. The limitations or in some cases the
severities of these tests for building purposes must be recognised.^
A brief evaluation of the tests carried out is given below.
6.2.4.1 Dry density. A consistent relationship between density
(weight of dry soil per cubic foot) and mechanical analysis of a soil
2
has been shown to exist. In fact variation in texture and grading is
so accurately reflected in the compacted density that a routine density
test may be the most practical basis for designing the stabilized earth
mixtures. A further fundamental advantage of the test which measures
compacted density lies in the fact that it directly measures the total
1. For an evaluation of different durability tests see: itANSull, V/.II.,
"Soil Stabilization: A Review of Principles of Practice", Department
of Scientific and Industrial Research, Building Researoh Station,
Tropical Building Studies Number Five 1963*
2. IIOUSBL, ;/.S., "Experimental Soil-Cement Stabilization at Cheboygan",
Michigan, USA.
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voids which later may serve as the basis of determining the required
cement content. Density of the stabilized soil specimens vra.3 considered
to constitute an important criterion of the compaction obtained and
provided an indication of their strength and durability.
The standard B.S. test was used for the purpose.''
6.2.4.2 Compressive strength. Compressive strength of most unstabilized
soils may be above normal requirements, yet this test was used because
it has been shown to be an important indicator of the durability of the
specimens.^
Standard method described in B.S.1924 was adopted. ^
6.2.4.3 Volume change. Recent work in the field has shown that
dimensional change measurements are a very sensitive direct measure of
deterioration. The amount of shrinkage on drying depends more on soil
type and less on cement content. Other deteriorating effects such as
sulphate attack, alkali reactivity and stress due to differential thermal
co-efficients are also easily detected in volume change measurements.
Volume change in compacted stabilized soil specimens occurs in the
shape of initial drying shrinkage and subsequent expansion when a dried
specimen is wetted. The expansion occurring in the latter case is much
less than the initial drying shrinkage (of the order of one-third to
one-half)."^ The specimens were therefore tested for initial drying
shrinkage only.
1. B.S.1924, Determination of dry density, p.32.
2. HIGHWAY RESEARCH BOARD . "Standard Laboratory Tests for Soil-Cement",
by Norling, L.T., Research Record No.36.
3. SOUTH AFRICAN COUNCIL FOR SCIENTIFIC AND INDUSTRIAL RESEARCH. "The
properties of compacted soil and soil-cement mixtures for use in
building", by Webb, T.L., and Cilliers, T.F., Pretoria, March 1957»
P.13.
98.
The method used involved immersing the specimen in mercury
immediately after compaction and thereafter drying it in a thermostati¬
cally controlled oven at 105°C.
6.2.4.4 Weathering. Retention of stability over years of exposure to
the destructive forces of weather should be the primary criterion of
the suitability of the building material under consideration. V/eathering
of the material in actual construction is a slow process spread over
years, therefore a relation between the results of the available
laboratory tests and the actual weathering of the material in the field
is not easy to establish. Some attempts have been made in this direction
by trying to use tests which simulate actual field conditions as closely
as possible e.g. spraying the face of the specimen or wall with water at
a controlled pressure.^
A criterion of weathering for each region when developed would
have to be based on the exposure conditions (a product of average annual
2
rainfall and annual average wind speed) of that particular area.
The test adopted is intended to provide a basis of comparison only
beoause a rigid weight loss criterion, under the present state of
knowledge on the subject, could not be adopted. The comparison of the
results with those of the burnt clay brick, however, gives these results
a practical standing.
The test used as ASM D.59(57) which involves compacting specimens
as described earlier, curing for seven days in a moist room and then
1. HOUSING AND HOME FINANCE AGENCY, "3arth for Homes", Idea3 and Methods
Exchange No.22, Washington, 1955*
2. BUILDING RESEARCH STATION (UK), "An Index of Exposure to Driving Rain",
Building Research Station Digest 23 (Second Series).
submerging in water for five hours at room temperature.'' They were then
dried for 42 hours at 71°c (l60°F), weighed and given two firm strokes
with a wire scratch brush on all its surfaces. Twelve such cycles were
repeated unless the specimen disintegrated earlier. The weight loss was
expressed as percentage of the original dry weight.
6.3 DETERMINING THIS SOIL REQUIREMENTS
Suitability of a particular soil or in other word3 the type of
soil required for effective stabilization can be determined only after
the results of various tests applied are analysed taking each variable
(i.e. cement and moisture) into consideration. It is intended to
discuss the influence of each variable separately for the purposes of
clarity. Conclusions about the collective influence of these variables
can later be derived based on this primary analysis. Table 33 gives
an analysis of soils under investigation and Fig.5 records their particle
size distribution in graphic form. Results of this investigation are
given in Table 34* The effects of eaoh of the variables on tests
performed for durability are examined in this part of the study. The
effects of soil type on stabilization as reflected in the tests are
the subject of investigation in this section.
6.3.1 Dry Density
The nature of the soil has been shown to have a marked bearing on
the densities attained. Air dry densities decreased sharply for soils
containing more clay. Well graded soils attained higher densities due
to close packing of the voids in coarser material by finer material.
Sandy soils (Farida group) with just enough clay to bind the sand
particles together gave highest densities (see Fig.6).




Compressive strength like dry density was seen to he related to the
nature of the soil. Well graded soils gave higher compressive strength.
Type of the clay present (due to interaction with cement) was expected
to have some unpredictable effects on the compressive strength but no
marked reduction of this strength due to this factor alone could be
traced in the results (see Fig.7)*
6.3.3 Volumetric Shrinkage
Generally smaller volumetric shrinkage occurred where clay content
was less. Jhang group showed least volumetric shrinkage though inferior
in other respects. Churkana group showed a slight deviation in the
general rule stated above insofar as it haul greater volumetric shrinkage
as compared with Nokhar whose clay content was larger (see Fig.8).
6.3.4 Weight Loss
Amongst many others factors influencing the weight loss in the
specimens, the soil type appeared to be the most important. Other
factors being equal, clay soils indicated considerably greater weight
loss as compared with sandy soils (see Fig.9).
1. These factors i.e. moisture of compaction and the oement content are



































































































































































































































































































































































































































































































































































































































































The improvement in the engineering properties of soils stabilized
with cement is believed to be due mainly to the hardening of Portland
cement but the processes taking place during the hydration of cement in
the presence of clays are not yet fully understood. All soil groups
under investigation showed favourable response to the addition of cement
but to varying degree. Thi3 chapter intends to help find a minimum
cement requirement for each soil for the kind of results desired.
7.1 CELiSNT IN STABILIZATION
Considerable attention is being given to establish a clearer
understanding of the soil cement interaction.^ It cannot be over¬
emphasized that upon a better understanding of this aspect depends, to
a great extent, the future of this unique material.
If the hardening of soil cement were due solely to the hydration
of cement, the 3oil could be regarded as a chemically inert component.
The cement particles would bind adjacent soil grains together during
hardening and form a more or less continuous skeleton of a hard strong
material enclosing a matrix of unaltered soil. This skeleton could
also be expected to plug some of the voids of the soil reducing permea¬
bility and swelling and increasing the resistance of soil cement to the
deleterious effects of changes in subsequent moisture conditions.
Several recent investigations have however shown that in addition tb
1. An active investigation of this aspect is being carried out by the
Portland Cement Association in their Research and Development
Laboratories, Skokie, Illinois, USA.
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hardening, reactions take place between hydrating cement and clay
components generating additional cementitious material leading to the
strengthening of the bonds between the soil grains themselves and
between soil and cement particles. At the same time clay participating
in such reactions could suffer alteration to the extent that it would
1 2
become less expansive when exposed to water. '
7.2 DETERMINING THE CEMENT REQUIREMENTS
The optimum amount of cement required can be determined by examining
the effect of the varying amounts of cement on each of the standard tests.
7.2.1 Dry Density
A gradual increase in dry density with increase in amount of
cement was noticed. Some slight additions of cement at initial stages
produced greater changes in density than at higher cement contents, as
seen in the curves which become more flat as they proceed towards higher
cement contents (see Figs.10-14).
7.2.2 Compressive Strength
Considerable gains in compressive strength were recorded with
small amounts of cement over specimens containing no cement. The rate
of increase in strength with increasing cement contents was generally
uniform though some exceptions were noticed. An example of this was
1. HANDY. R.L., "Cementation of Soil Minerals with Portland Cement or
Alkalies", Highway Research Board (USA) Bulletin 241 (i960),
pp.67-108•
2. CATTON. M.D.. "Research on Physical Relations of soils and soil
cement Mixtures," Highway Research Board Proceedings 20 (1940),
pp.821-55*
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heavy clay soil (Nokhar) where initial 1 percent addition of cement
produced slight decrease in strength but this trend was quickly reversed
on further additions of small amounts of cement. This phenomenon could
be attributed to the characteristics of the particular type of clay
present in the samples representative of that group. Small variations
in strength due to this factor could be expected in almost any group.
(See Pigs.15-19).
7.2.3 Volumetric Shrinkage
A decrease in volumetric shrinkage was noticed in the case of each
soil group though the rate of decrease varied significantly in certain
cases. .Minimum ultimate volumetric shrinkage with 4 percent cement was
achieved with Jhang group which incidentally also had the lowest value
even without any addition of cement. (See Figs.20-24).
7.2.4 Wei.-rht Loss
All specimens without any cement content disintegrated during
five hours of submergence in water. Very significant improvements were
recorded in case of each group but the most outstanding rate was shown
by Farida. (See Figs.25-29).
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THE WATER BEQ.UI REGENTS
The watar requirements of soil can be determined from density
measurements alone. It was not considered within the scope of this
project to investigate other influences of the varying moisture contents
(e.g. on Volumetric Shrinkage and Weight Loss) because optimum moisture
of compaction for each group would, at any rate, be the one at which
maximum density is obtained.^
8.1 WATER IN STABILIZATION
The significance of water in soil stabilization is mainly due to
2
its influence on compaction. At moisture contents below the optimum
the soil particles are locked in an open texture, the soil is therefore
stiff and difficult to compress; thus low dry densities and high air
contents are obtained. As the moisture content increases, the water
acts as lubricant, allowing the fines to be forced into the voids
between the larger particles, under the influence of external compactive
energy. Different soils and different mixes together with the degree
of fineness of the different particles require different proportions of
water in order to obtain good compaction. It has been shown that for
each soil there is an optimum moisture content at which a given amount
of mechanical effort will produce maximum compaction. At moisture
contents above the optimum the soil is displaced sideways and energy
is not wholly used for compaction.^ Within limits the greater the
1. Density is recognised as the measure of the degree of compaction.
2. Other influences of water have been discussed in Chapter 3*
3. This point i3 discussed in detail in Chapter 9«
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compactive force the lower is the optimum moisture content and the
greater is the degree of compaction obtained.^
Another role of moisture in stabilization is its use for the
hydration of cement but at the optimum moisture content the amount
p
of water present in the mixture adequately meets this requirement.
8.2 DETER?,TINING TIE WATER REQUIREMENTS
The optimum moisture content of each soil without any addition
of cement was determined according to standard method which involved
plotting the dry densities obtained in a series of determinations against
the corresponding moisture contents. The position of maximum on a
smooth curve drawn through the resulting points gave the optimum
moisture of compaction.^
8.2.1 Dry Density
As noted above for all soils the maximum dry densities were
obtained at their respective optimum moisture contents. An increase or
decrease over this moisture produced marked decrease in the dry
densities obtained. Optimum moisture content for clay soils wa3 higher
than those for sandy soils. (Sea Figs.30-34)*
8.2.2 Compressive Strength
The compressive strength of any specimen was also found to reflect
a direct influence of the moisture of compaction. Maximum strengths
occurred at or near optimum moisture contents. (See Figs.35-39)*
1. See Fig.40*















PIG. 39 EFFECT OF MOISTURE OF COMPACTION ON
COMPRESSIVE STRENGTH





The preceding tests were carried out on specimens compacted with
standard laboratory (rammer and mould) method. The phase of experi¬
mentation outlined in this chapter represents an attempt at establishing
a relation between the laboratory results to those obtainable in the
field, without whioh this study would have remained but an academic
exercise.
It is suggested that simple road making equipment available in all
parts of the country and the road making techniques may have a lot to
offer to housebuilding on a mass scale. Compaction of the soil panels
on their very sites with road roller and tilting them into position
with simple mechanism may sound an ambitious idea at present but, given
the necessary research background, might form the basis of future
stabilized earth house building techniques.
9.1 COMPACTION IN STABILIZATION
Compaction of a soil by the application of a static or dynamic
energy is aimed at reducing the pore spaces in natural soil which are
normally filled partly with air and partly with water. Due to reduced
air voids in the soil structure le3s moisture would be adsorbed by the
compacted soil making it more stable to moisture movements.
Proctor's explanation of the phenomenon of compaction is generally
favoured. In his 'theory of lubrication' as it is known, he contends
that fine grains are forced into voids between the larger grains.
Water is believed to serve as a lubricant reducing the resistance due to
internal friction between the soil grains. As the moisture content is
110.
increased a point will be reached where the compactive force will
overcome this resistance and will cause the fines to be forced into the
voids between the larger grains and maximum density will be attained.
This is the optimum density at the optimum moisture content which is the
lubrication limit under a particular compactive effort. As the moisture
is increased beyond this point the compactive force compresses the 3mall
volume of entrapped air in the soil mass. This compression gives rise
to hydrostatic pressure which tends to separate the soil grains by
partial flotation thereby causing a reduction in denaity.^
Apart from this type of initial compaction which may be called
primary compaction (or primary consolidation) another type of compaction,
2
denoted as secondary consolidation has also been identified. This
type of consolidation occurs throughout the loading period but is most
apparent after primary consolidation is essentially complete."^ Pig.43
shows the effect of this type of consolidation over a period of five
4
years. From the general trend of the curves in this figure it is
apparent that much higher values could be expected over longer periods.
9.2 DETERMINING THE COMPACTION REQUIREMENTS
It was not considered necessary to study the effects of varying
the compactive effort on the specimens moulded in the laboratory. This
1. INDIAN ROADS CONGRESS. "Stability of Densified Soil3 under Adverse
Moisture Conditions", Gupta, S.N., 1949» p*212.
2. HIGHWAY RESEARCH BOARD (USA), "Secondary Consolidation", Proceedings
40th Meeting, 1961.
3. PORTLAND CEMENT ASSOCIATION, "Soil-Cement Technology - a Resume",
Catton, M.D., Research Department Bulletin 136, 19^2, p.19»
4. PORTLAND CEMENT ASSOCIATION. "Tests show Soil Cement improves with
Age", Soil-Cement News No.20, May 1946» P»2.
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premise was taken because sufficient information existed to conclude
that all types of soil with all methods of compaction (i.e. energy-
applied per unit weight of soil) resulted in an increase in the maximum
1
dry density and decrease in the optimum moisture content. Fig.40
2
illustrates this point.
In brief, the method involved comparing' the moisture/density
curves obtained in the laboratory with those obtained with the field
compaction method using the same soil, moisture content and cement content.
9.2.1 Equipment
Choosing a method of compaction was a difficult problem because
it is dependant to a great extent upon the nature of the building
techniques envisaged. The building techniques in turn have to be closely
related to the particular circumstances of a site and the level of
economic development of the country.
The choice of a road roller for compaction field trials was
however not completely arbitrary. Some search into the efficiency of
different methods of compaction was made and their respective merits
considered."^ The final choice fell on a smooth wheel road roller because
1. A detailed investigation of this aspect has been carried out by:
AHMED. S.N., "The Influence of Grading and the Energy of Compaction
on Density and Strength of Soil-Cement Mixes", Ph.D. Thesis (I.C.),
London, 1959*
2. ROAD i&ISEARCII LABURATORIGS (UK), "Soil Mechanics for Road Engineers",
H.M.S.O., 1952, p.156.
3. Studies have shown that for a given amount of work the greatest
compaction results when the work is exerted in a single application
than in dynamic successive applications. It has further been shown
that each successive application of the same pressure to the soil
results in less and less work per application. (See next page for
remainder of thi3 fn.)
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of its ready availability, high compaction efficiency and suitability
of its use for application of road building techniques to mass
stabilized earth housing.
A 2§ ton (British made) smooth wheel roller was used for
compacting field panels. This was found to be the common type of roller
used for road making purposes by the Public Works Department.
Specifications of this roller as provided by the Department are given
below.
TABLE 35 SPECIFICATIONS OF THE SMOOTH-WHEEL ROLLER
Total weight 6160 lb
Weight on front rolls 1904 lb
Weight on rear rolls 4256 lb (Total)
Diameter of front rolls 32 in
Diameter of rear rolls 36 in
Width of front rolls 12 in (Each)
Width of rear rolls 15 in
Rolling width 51 in
Libad per inch width:
Front roll 80 lb
Rear roll 142 lb
See:
a) KENNEDY, C.M.. "A laboratory investigation of the efficiency of
different methods of soil compaction", M.Sc. Thesis (Civil Sngg.),
Georgia Institute of Technology USA, 1953*
b) HIGHWAY RESEARCH BOARD (USA), "Effect of Repeated Load Application
on Soil Compaction Efficiency", by Sowers, G.F., Bulletin 93,
1954> pp.61-64.
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The main characteristics of smooth wheel rollers affecting their
performance in compacting soil are the load per inch width under the
compaction rolls, and the 'width and diameter of the rolls. The load per
inch width and the diameter control the pressure in the surface layer
of the soil, while the dimensions of the rolls affect the rate with
which this pressure deoreases with depth.1 Thus for compaction work
it would be important to specify the load per unit width as well as the
gross weight of the smooth wheel roller.
9.2.2 Compaction
Soil encountered at Belianwala site laboratory belonged to Farida
group. The site was a flat piece of land with some waterlogging and
2
salinity problem.
The procedure of compacting stabilized surfaces in the field
involved marking out an area 9' x 27', scraping away the top 12" layer
of soil, ploughing the subsoil to a depth of 12", pulverizing, mixing
with cement and water, and finally compacting with roller. Cement
content of 2 percent was used throughout. The area compacted was
divided into three surfaces separated from each other by wooden battens.
Energy of compaction (i.e. the number of passes of the roller) and
moisture of compaction were the only variables since the object was
merely to determine dry density/moisture content relation with the
field compaction. One surface each was compacted with moisture content
11, 13 and 15 percent. Optimum moisture for this soil, as determined
1. ROAD RESEARCH LABORATORIES (UK), "Soil Mechanics for Road Engineers",
H.M.S.O., London, p.179*
2. Soil conditions at this site can be observed from Reference Map 82
in Part 17.
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earlier, wqs 13 percent.1 Compaction was done as a continuous process.
Dry density of each surface was determined after 24, 32 and 48 passes
respectively. In all, nine such determinations were made which are
shown in the following table.
TABLE 36 FIELD CCMPACTION RESULTS
Compactive effort Moisture of compaction Dry density
(no. of passes (percent by weight) (pounds per











Dry densities of all surfaces were obtained using sand replacement
2
method. Dry density/moisture content curves were plotted for each of
the three compactive efforts and superimposed on a similar curve for the
same soil and cement content obtained with laboratory method.
A comparison of these curves with those obtained in the laboratory
for the same soil (Farida) and same cement content (2JL) showed that 24
1. See Fig.6.
2. BRITISH STANDARDS INSTITUTION. 'Methods of Test for Stabilized Soils",
3.S.1924 (1957)» Method 5, p.39.
115.
passes of the smooth wheel roller (whose specifications are given in
Table 35) would give comparable field results. (See Fig.41).
While comparing the field compaction results with those of the
laboratory it must be taken into account that control of pulverization,
cement content, water content, mixing and compaction is far more
difficult in the field. This means an effective quality control can
achieve much better results than those obtained in thi3 study in which
pulverization and mixing was done manually. Another significant factor
is that field compaction in this investigation was confined to
compacting surfaces which would, it is visualized, be used as floors-
cum-foundations of the dwellings. In that case the panels to be used
as walls would be compacted on this floor surface and later tilted into
position. It is therefore evident that degree of compaction (dry
density) obtainable in wall panels, compacted on solid floor surface,
would be much higher as compared with floor surface compacted without
a solid base.
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CONCLUSIONS TO PART III
(Refer to Part IV)
This phase of the study has been concerned with the practical
implications of using the soils for building low cost houses in the Thai
region. To determine such factors as the suitability of the soils,
amounts of oeraent, moisture and compaction required, a programme of
laboratory and field experimentation in soil stabilization was carried
out. Each of the five major soil groups was investigated from this
viewpoint and results compared with those of burnt clay brick. The
following general conclusions may be derived from thi3 experimental phase.
a) All the five major soil groups found in the area under conside¬
ration can be stabilized effectively. Results obtained of course varied
with each soil group due to their textural composition} more profoundly
the amount and type of clay present. Basically sandy soils with just
enough clay to fill their voids gave the best performance in all four
test series.
i
b) Sufficient performance level for normal housing requirements
should be attainable in most cases with a maximum of 2 percent cement.
In soil groups with less favourable constitution and grading this
amount may have to be increased slightly. The following table compares
the results of weathering test for all soils with a poor quality and
medium quality burnt clay brick} no other suitable criteria for this
purpose being available.
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Soil 1 2/c cement 8.1
¥> 5-7
8<fc 1.5
Soil 2 & 4*6
¥ 3.2
d'/o 0.8
Soil 3 2f 6.1
¥ 4-4
Q/i 1.1
Soil 4 ¥ 13.4
¥ 5.8
8'/' 2.9
Soil 5 Z/o 11.3
¥ 7.4
¥ 4.2
Burnt) Poor quality 6.2
Brick) Medium quality 0.9
It is recognized that the term3 used to define the quality of
burnt brick in Table 37 are rather arbitrary a3 far as their actual
long term performance in the field is concerned. It was however
difficult to assign them a more scientific criteria than that of their
weight loss in the accelerated durability test; supplemented by a
general observation of their past behaviour in the field. 'Poor quality'
brick is most commonly used for low-cost housing purposes. Some houses
in this category built 50-60 years ago have shown no serious signs of
i
weathering.
1. These houses were built by The Attock Oil Company for its lowest
grade employees at Morgah, about 6 miles from Rawalpindi.
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c) The natural moisture in the soil, ranging from 2-4 percent, was
far too short of the optimum moisture requirements. The natural moisture
contents would be much higher in rainy season} during certain periods
even higher than optimum. But such periods are infrequent and of short
duration. Optimum moisture requirements varying between 11-17 percent
could easily be met from canal water which through a network of
distributaries reaches almost every acre of cultivated land in the area.
d) The compaction obtained in the laboratory with the Standard
B.3. method of 25 strokes of a 5*5 lb rammer would need to be related
to whatever method of compaction is proposed in the field. This study
relates it to a 2§ ton smooth-wheel roller whose 24 passes gave
comparable results. The comparison with any other method should not
prove to be difficult. Moisture/density curves obtained with the
proposed method of field compaction can be related to the laboratory
curves given in this study for the same soil group.
e) Compressive strength and dry density indicated almost a direct
relationship (see Fig.42).
f) Another favourable factor worthy of consideration is the
contention that the compressive strength of the compacted soil-cement
increases with age (see Fig.43)«
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PART IV
PLAMING THA RRSQURCCS FOR STABILIZED EARTH HOUSING
This concluding part in essence represents the whole spirit of
this study, derived from and based on the findings of the preceding
sections and presented in simplified and graphic form. The use of words
has been kept to the barest minimum so as not to hamper its utility as
a ready reference.
B3FKRE3TCE ; 1 dURFACT H3LISF TLAP
Information about the general physical characteristics of an area
provided by this map should help in a preliminary assessment of the soil
resources.
Colours on the map indicate the height above 3ea level of any
particular area. The northern mountainous region (known as Snow Forests)
has high altitude and is least likely to have sufficient quantities of
soil to encourage earth housing. On the other hand the Indus Plains
abound in suitable soil.
This map also gives a general idea about the landscape of a region.
Too frequent changes in colours on the map indicate abrupt changes in
the level of the ground. This has some influence on the building
techniques to be adopted. For example application of road making
techniques to mass housing requires a relatively flat 3tretch of land.
This map also serves as a general reference showing the region
investigated and other geographical details.
REFERENCE t 2 EXPOSURE CONDITIONS MAPS
Greater economy apart from comfort In stabilized 3oil structures
can result if the material is stabilized and used in consideration of
the degree of exposure to driving rain expected in the area.
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Like most other functional requirements of buildings the exposure
conditions can also be expressed in quantitative terms. The rainfall
and the direction and speed of the wind during rainfall may be used as
1
the basis. Given this information it is possible to indicate the
amount of rainfall that would be driven in one year to a vertical
2
surface always facing the wind. This in turn will be the basis for
the measure of the durability of the material.
It needs to be pointed out that data about the speed of the winds
was not available. It is not therefore possible to provide an 'index*
of driving rain for each area. The use of this map can however be made
by corelating the frequency of the winds with that of the rainfall.
This corelation, considered in conjunction with the wind direction
during that period, should help considerably in determining exposure
conditions in a region.
Taking the region whose soils have been investigated in detail,
as an example, the following points may be noticed from the exposure
maps prepared for this section:
a) The area under consideration (Thai) lies in climatic zone 4
(sub-tropical plains) whose annual rainfall ranges between 10-20 inches.
b) The total rainfall in 24 hours at times may be as much as 8
inches in some places.
c) The direction of the prevailing winds, as seen from the records
of the Meteorological Centre at D.I.Khan, is almost throughout the year
from the north.^
1. BUILDING RESEARCH STATItN (UK), "An Index of Exposure to Driving
Rain", Building Research Station. Digest 23, H.M.S.O., 1962.
2. For method of preparation of maps showing annual driving rain index
see METEOROLOGICAL MAGAZINE, "An Index of Driving Rain", by Lazy and
Shellard, vol. 91, 1962.
3. The nearest meteorological centre from the area under detailed inves¬
tigation was Dera Ismail Khan (K.I.Khan). Maps in this section are
based on data provided by BUILDING RESEARCH STATION (PAKISTAN) and
ATLAS OF METEOROLOGY.
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d) The most of the rainfall occurs within a short period of the
Monsoon, and in the form of a few heavy downpours. The Monsoon season
generally lasts from June to August.
e) The frequency and intensity of the winds is also at its peak
during this short period.
The above mentioned derivatives lead to the inference that walls
facing north in this area will be subject to much more severe exposure
1
to driving rain as compared with other walls. It is, therefore,
necessary to give particular attention to walls facing north in this
area not only in design and layout but more so in the actual process
of stabilization. Considerable economies may be achieved by using
relatively less cement content for walls facing directions other than
north and in other sheltered positions. In such cases the criteria
would mainly be compressive strength and not resistance to weathering
by rain. All soils were found to achieve considerably high compressive
2
strengths with small amounts of cement. In fact minimum compressive
strength criteria are satisfied even without any addition of cement,
by compacting the soils at their optimum moisture.
1. Notice this in Plates 41 and 47» Chapter 2. These pictures were
taken immediately after a heavy downpour. It is noticed that walls
faoing north have almost exclusively borne the fury of the driving
rain. Some wetting of walls facing other directions has taken place
mainly due to faulty parapet design or due to rainwater falling on
thick parapets and flowing to outer surfaces.
2. As noticed in the results of experiments in Chapter 7*
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REFERENCE t 3 GENERAL SOIL MAP
This map is an attempt at generalizing the soil characteristics
brought out by the results of the analysis of over one hundred thousand
soil samples through an extensive survey of west Pakistan. This survey
has primarily been for agricultural purposes but effort has been made
to prepare a general map useful as preliminary reference from stabiliza¬
tion point of view.^
REFERENCE : A GENERAL WATER TABLE U1AP
This map shows contours of existing ground water level based on
p
the investigations carried out over a period of years. This map is
intended to provide a preliminary idea about the conditions likely to be
met in a particular region where soil stabilization is envisaged.
REFERENCE : 5 GENERAL SALINITY MAP
Excessive quantities of salts in soil have been found to inhibit
the effective stabilization of soils with cement. A general map based
on the criteria set out in Chapter 3 ( Table 23) and data provided by
the Soil Reclamation Directorate, may help identify areas in the
danger zone."^
REFERENCE : 6 GENERAL GROUND WATER DUALITY MAP
Ground water in most cases would have to be used for meeting the
moisture requirements for the stabilization process. A general
1• This map was prepared from the data collected by the UNITED NATIONS
SOIL SURVEY PROJECT. Lahore, West Pakistan.
2. Survey carried out by the WATER AND POWER DEVELOPMENT AUTHORITY OF
PAKISTAN. Water and Soil Investigation Department.
3. SOIL RECLAMATION DIRECTORATE. Lahore, Government of West Pakistan,
Investigations carried out for the purposes of 'reclaiming' the soils
affected by presence of salts.
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information about the dissolved salt content of thi3 source should
therefore prove a useful guide in planning an earth housing project in
a region.^
REFERENCE ; 7 SIMPLIFIED FIELD TEST CHARTS
The last phase of this manual deals with the application of the
resource planning to a particular site. The first task is that of
locating a particular site correctly on the Reference Map 8 so as to be
able to make use of the information provided by this map. In most cases
it will present no problem but doubt may arise in case of soma borderline
sites. In such situations simple soil tests for use in the field
although approximate, 3hould prove acceptable enough as a basis for
relating the soil encountered at any particular 3ite to the major soil
groups shown on Reference Map 8. Through this relationship the layman
can predict with reasonable accuracy the behaviour of any soil when
stabilized with cement. It must, however, be recognized that these
simplified tests are recommended for situations where laboratory
testing is impracticable. For important or larger projects laboratory
tests must not be dispensed with since upon an accurate identification
of the soil depends the ultimate effectiveness of the soil stabilization.
The following simplified soil identification methods are suggested
for the purpose of determining the percentages of the basic components
in the soil and consequently the major soil group to which that
particular soil belongs.
FIELD TEST CHART 7 A : VISUAL EXAMINATIOR
This gives an idea of the proportion and 3ize of the coarse
granular components (very coarse, medium, coarse, medium and fine sands)
1. Ibid.
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and., by inference, of the fine particles (silt and clay), since the
smallest particles visible to the naked eye are those of fine sand.''
FIELD TEST CHART 7 B : TESTING BY TOUCH
The feel of a soil when ribboned between the fingers can also
help identify its basic components with scsae accuracy.
FIELD TEST CHART 7 C : SQUEEZE TEST
The effect of applying pressure on a soil in both dry and moist
state by squeezing in the hand has also been found to indicate the
proportions of its constituents.
FIELD TEST CHART 7 D t RIBBON TEST
The success of an attempt to make a thread of moistened soil will
depend on its plasticity which in turn reflects its constitution.
FIELD TEST CHART 7 E : SEDIMENTATION TEST
This test supplements the preceding ones and indicates the
proportions of the basic soil components with greater acouracy.
FIELD TEST CHART 7 F t SEPARATION TEST
This test is used to distinguish fine sand from silt or clay
which would not have been achieved to a desirable degree in the
preceding tests.
FIELD TEST CHART 7 G i DRY STRENGTH TEST
This test is also based on measuring the plasticity of the soil
which is a function of the proportion of its basic components. This
test is particularly useful in determining the finer fraction i.e. fine
sand, silt and clay in the soil.
1. UNITED NATIONS. "Soil-Cement, its Use in Building", Department of
Economic and Social Affairs, New York, 1964* pp.7-12.
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REFERENCE : 8 DETAILED SOIL MAPS
These maps are prepared by combining the information obtained
from different sources about the soils in the Thai region. Information
about the textural composition of the soils is derived from the results
of the soil survey carried out by the United Nations Soil Survey Project,
Lahore.
The method adopted for the preparation of these maps involved the
following steps.
a) Tracing of all 'Base Maps' showing locations of all bore holes
from which samples were taken.^
b) Allocating soil group to each soil sample based on its
textural composition.
c) Marking the soil group of each sample on the location of its
respective bore hole on the map.
d) Joining the points on the map (representing bore hole locations)
having same soil groups.
e) Plotting other information like groundwater level and salinity
on these maps. This information was obtained from Soil Reclamation
Directorate, Lahore.
f) Reducing these maps to (1»60,000), one tenth of their
original scale.
These maps in a very comprehensive yet simplified form represent
the ultimate in this study. They provide nearly all the information needed
for undertaking a stabilization project - however mean or magnificent.
1. These 'Base Maps' drawn at a scale of 1:6,000 (1" = 500') were used
originally in the soil survey as described in Chapter 4»
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This information consists of:
a) Surface relief.
b) Surface texture (depth of soil 0-1.5 ft).
c) Sub-soil texture (depth of soil 0-6 ft).
d) Sub-stratum texture (depth of soil 6-10 ft).
e) Ground water conditions.
f) Salinity.
The cement requirements for achieving results comparable with
burnt brick have been found to range between 2-4 percent by volume as
shown in the following chart.




















































1. For definition of 'poor* quality brick see Conclusions to Part III.
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The amount of water to be added can be calculated by subtracting the
natural moisture from the optimum moisture from the above chart. The
natural moisture content in the soil during any particular time of the
year can be easily determined by simple means.
The amount of compaction achieved would depend upon the choice of
the method of compaction relevant to the techniques of construction
envisaged. The only requirement to be met is that results achieved should
be comparable to the standard laboratory compaction used in this study.
This comparison can easily be obtained by relating the Moisture/Density
curves obtained with the proposed method of compaction to the similar
curves obtained in this study with the laboratory compaction. This
objective can al3o be aohieved by simply comparing the density aohieved
in practice with the density given in the above chart for the same cement
content and same soil group.
Once these basic requirements are known, construction in stabilized
soil can be carried out in a variety of ways ranging from monolithic to
blook construction. The most favoured of the present monolithic wall
construction techniques involves compacting this material with pneumatic
rammers in roller supported moveable forms. A UN Manual describes this
1
method in detail. As far as block construction is concerned the technique
is no different from building in traditional materials like brick or
concrete block. Another UN handbook gives detailed guidance for construc-
2
tion in stabilized soil blocks. Until more work is done about using this
material in other more promising ways the constructional procedures laid
down in these manuals must be strictly adhered to.
1. UNITup NATIONS: "manual on Stabilized Soil Construction for Housing",
by Fitzmaurice, 11., New York, 1958*
2. UNITUB NATIONS: "Soil Cement, it3 Use in Building", New York, 1964.
CONCLUSIONS TO THE STUDY
The scope of this study has been limited to the extant of showing
that the soils of West Pakistan can be effectively stabilized} and that of
providing means by which initial decisions about feasibility at a given site
could be taken without testing of the soil, and subsequent testing greatly
reduced. Use of the Reference Maps as such can also be made for small
projects or isolated house building operations with some assistance from
the government in helping interpret the findings of this thesis as
presented in Part IV.
Development of a new material also leads to questions about the
possible forms of its U3e in actual construction. These concluding pages
therefore attempt not only to summarise the prominent findings of this
study but also outline some of these related aspects of the use of
stabilized soil in house building.
A. Suitability of stabilized soil for house construction
a) High costs of existing materials, transportation difficulties and
lack of finance at government and individual level necessitate that
attention be focused on the development of soil as a material of construction.
b) Practically all soils in the Indus Basin can be effectively
stabilized with Portland cement. Sandy soils having just enough silt to
fill the voids and sufficient clay to bind the particles together give
best results. The soil groups falling into this category are also the
most widespread in the Indus Basin.
c) Stabilized soil has acquired a reputation as an excellent con¬
struction material. Its use is rapidly increasing in all countries
especially in rural and suburban areas. Success of the soil cement projects
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in other countries was not however taken as a sufficient guarantee of the
success of this material in the Indus 3asin because of the differences
in soil type and climate. The closest project to the region under investi¬
gation is in East Panjab, India, where this material has been used with
complete success (see below).
Determination of actual long term field performance of stabilized
soil in housing is a tricky problem. Various research workers have fallen
into the fallacy of recommending weight los3 in the laboratory tests as
criteria for long term field performance. This kind of approach has
resulted in utter confusion on account of great disparity in the criteria
1
advocated by different authorities.
In theory at least, a method involving the construction of prototype
houses in the region with the soils under investigation and observation
over years of use would be the ideal test of field performance. This
unfortunately was impracticable in a study of this nature. An indirect
approach was therefore adopted to achieve the same objective. This
involved comparing the performance, in the accelerated durability test,
of stabilized soil and burnt brick, and then observing the actual long
term field performance of the houses built with similar brick.
Performance of different soils in the accelerated durability test,
depending upon their constitution and the amount of cement used, varied
2
between that of a 'poor' quality and 'medium' quality brick. Three
specimens each of poor and medium quality brick, taken at random from the
representative piles at a particular kiln, were subjected to test for
1. MARKUP, T.A., "Design Techniques for Earth Housing", M.Arch. Thesis,
M.I.T. (USA), 1955.
2. Farida and Buchina groups with 2, cement gave better results than
poor quality brick. The other three groups give similar results with
4/v cement.
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comparative purposes. The weight loss in the test for each of the three
samples was almost exactly the same (6.2,. for poor quality and 0,% for
medium quality brick). In view of this evidence the variation in
durability due to factors associated with manufacture of the bricks were
taken to be negligible. It was for this reason that only three repre¬
sentative specimens for each quality of the brick were used for control
purposes.
A housing scheme consisting of 232 low-cost detached dwelling units
built with 'poor' quality brick (taken from the same kiln from which
control specimens were obtained) was selected for observing the field
performance of this particular type of brick. This scheme was built some
fifty years ago for the Attock Oil Company near Rawalpindi and was large
enough to enable meaningful conclusions to be reached about the performance
of the brick as used in individual dwellings. The scheme was studied in
detail and occupants of all the houses (about fifteen in number) which
showed some signs of weathering of the brick were interviewed. None of
the residents had complaints attributable to the loss of durability of
the brick.
Assuming the validity of the basis of this correlation, such field
performance may also be expected from stabilized soil} but it would be
desirable to build a small number of experimental houses with soil cement
in order to make the correlation of field performance in building more
reliable.
d) It was not possible to obtain data to make a cost comparison of
this material with brick or any other material meaningful. Costs are
quoted in several publications on the subject but the basis of the cost
is rarely if ever described; and there is no separation of labour,
material and plant costs, nor is it stated whether or not overhead charges
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and profits of the contractor were included.1 Efficiency of the
organization contributes greatly to the results obtained, and this varies
from site to site. The skill of the operatives and the amount of effort
they put into their work are also extremely variable. Consequently the
real validity of such comparisons is highly questionable.
The economics of any type of construction in stabilized soil are
therefore an involved process that must be considered by the builder for
the prevailing set of circumstances. The following simple statement can
however be made, in isolation from other factors, to give some idea of
the economies possible with soil stabilization: The total quantity of
cement required per cubic foot of stabilized 3oil walling (with 2.5', cement)
equals the quantity of cement required for laying the same volume of brick
2
walling.
B. Suitable method of compaction
nil available methods of compaction can be classified under the two
basic forms of compaction, dynamic or static. Studies have shown that
for a given amount of work the greatest compaction results when the work
is exerted in a single application rather than in dynamic successive
applications.^ It has further been shown that each successive application
of the same pressure to the soil results in less and less work per
application.
1. Estimates of cost for building 100 cu.ft of walling vary from £4*30
(iis.60) in India to £10.40 in Australia.
2. UNITED NATIONS, "Manual on Stabilized Soil Construction for Housing",
by Pitzmaurice, R., New York, 1953.
3. See footnote 3» page 111.
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The equipment used for compaction depends upon the nature of
building techniques envisaged. A brief discussion of each type of equip¬
ment relative to their respective methods of construction can however be
attempted.
a) Hand rammers can be used for monolithic walls of stabilized
earth in moveable forms as well as for ramming blocks in simple moulds,
hammers, both with steel and wooden heads, have been tried though the
former are more common. The best shape for a rammer head has not been
recently investigated but tests done some time ago in America showed that
a flat rammer head gave better compaction than a pointed one. A rammer
with 14-18 lb weight and with 3-4 inches square steal head welded to a five
1 2
or six foot length of 1-1 i dia. piping has been found to give best results,
with manual ramming, marked variations in the strength of compacted soil-
cement are likely, for this varies with the compactive effort applied,
the time taken and labour expended. This method may be used in remote
areas where labour is either very cheap or the building is on a self-help
basis. Three manhours are required for manual ramming of a wall section
of 12 c.ft.
b) Compressed air rammers can be used with great advantage where
some capital investment in such equipment is feasible. Tests carried out
at the Commonwealth Experimental Building Station, Australia, have shown
that best results are obtained using a 23 lb modified sand tamper with a
6 inch square head operated by compressed air at 10 lb per sq.in and
2
working 160 strokes per minute. The density achieved is far more uniform
1. AGRICULTURAL ilXPGRIHEHTAL STATION (South Dakota, USA): "Rammed Earth
Walls for Farm Buildings", by Patty, R.L. and Minium, L.W., 1945*
2. CO.CluUWSAITU EXPERIMENTAL BUILEDIG STATIOR (Sydney, Australia):
"Earth Wall Construction", by Middleton, G.F., 1952.
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and the ramming time is reduced to hours for 12 c.ft - half the time
taken for manual ramming. Compressed air rammers can be used with great
advantage for intermediary situations where a project is large enough to
justify some capital investment in such equipment.
c) Compaction machines for the production of stabilized soil blocks
work on one or other of two principles: either a constant pressure is
exerted on the soil-cement mix or it is compacted to a ccn3tant volume.
In either case it is necessary that the correct amount of soil-cement is
fed to the machine. If less than this is used, a smaller block is produced,
with the constant pressure machine, while a block of reduced density - and
thus reduced strength and durability - will be made by the constant volume
machine. In all cases, therefore, the use of a gauge box should be made
to contain just the correct amount of the mix determined by prior experiment.
i) The simplest and most favoured constant-volume machine is
CINVA-RAM Moulder developed by the Inter-American Housing and Planning
Centre, Bogota, Colombia.^ The CINVA-BAM operates on the principle of an
infinitely varying lever arm which develops high pressures on the blocks.
It is operated manually by two persons, weighs only 140 lbs and is
relatively maintenance-free. A comprehensive testing programme was
accomplished during the development of the machine and excellent results
o
were reported. The 3oil mix in the moulding box is compressed at a
pressure of about 300 lbs/sq.in.
1. CINVA-RAM is now also manufactured in the USA by Richmond liingineering
Co., Richmond. The selling price in USA is 175 dollars.
2. CIVIL .HfCINDERING: "Soil Cement for House Construction", by Stone, R.,
Vol.22, p.1005, Dec.1952.
134.
ii) The LANDCRETE la another successful machine exploiting the
principle of lever arm.1 This is operated by two hand levers which push
upwards the bottom plate of a metal mould filled with loose soil-cement
mix compressing it against a locked top plate. The top plate is then
opened and levers reversed, causing the bottom plate to push the compacted
block out of the mould. Two persons are required to operate the machine
producing about 120 blocks per hour. A pressure of about ^00 lbs/sq.in
2
is exerted on the soil-cement mix.
iii) The ,/INGET blockmaking machine is a hydraulic press powered by
a gasoline engine."^ It has a rotating table with three operating positions
for mould filling, pressing and ejecting. This table is rotated manually
so that the rate of production is controlled by the operators. The rate
of production is the same as for hand operated machines but the quality
of blocks produced is good, due to a high operating pressure of about
1000 lbs/sq.in.^
d) It is evident that if the housing problem in the country has to
be tackled on realistic grounds a mas3 house building programme would have
to be launched as soon as possible. It is envisaged that roadmaking
techniques, given the necessary research backing, may have a considerable
contribution to make in this field. The possibility of the use of road
rollers was therefore investigated in this study. 24 passes of a 2-f- ton
smoothwheel roller gave comparable results with those obtainable in
1. The LANDCRETE is manufactured by Messrs Landsborough Findlay (S.Africa)
Ltd., Johannesburg.
2. BUILDING MATERIALS RESEARCH INSTITUTE (Rangoon, Burma): "Rammed Earth
and Stabilized Soil for Building Construction", by Rosenak, S., 1957*
3. The flINGET is made by Messrs Winget Ltd., Rochester, England.
4. TEXAS TRANSPORTATICN INSTITUTE: "Earthen Home Construction", 1962.
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standard laboratory compaction. The choice of this method of compaction
for the purposes of this study must on no account be taken to mean that
the other above mentioned methods were found to be ineffective.
Suitability of any particular method of compaction at any given site would
depend upon the prevalent physical and economic factors, in particular
the scale of the building programme.
The idea of the application of road making techniques to mass
housing, however, needs a great deal of further investigation before it
can became a reality. The problems in implementing these techniques can
be broadly categorized as follows:
Resisting the stresses in compacted wall panels while tilting them
into position.
Form and construction of roof structures.
Drainage problems when dwellings are somewhat below ground level, due
to having been constructed out of the soil itself.
C. General principles of stabilized soil construction
Details of construction would of course vary depending upon the
method employed but the general principles are identical with those of
the traditional building materials such as brick, stone or concrete.
The properties of the material impose one or two limitations irrespective
of climate or local custom. These limitations are described as and where
they occur in the discussion^ of the main operations in housebuilding.
a) Foundations: It has been shown that stabilized soil tends to
be rather lower in strength than conventional materials such as brick or
concrete. This means that stabilized soil walling will be slightly more
susceptible to effects of foundation settlement than conventional materials
and, therefore, foundations must be designed with at least as much care as
would be given to conventional walling. Apart from this no special
precautions are thought to be necessary.
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b) Floors: Stabilized soil can provide an admirable flooring
material for dwellings. The floors should be laid in two layers, base
coat and top coat, to an overall thickness of not less than 3 inches, and
preferably rather more to allow of straightening irregularities in the
subfloor layer. Both these coats should be laid in strips not wider than
6 feet, marked off by strong wooden forms carefully levelled to the
finished surface. The base coat may be laid without stabilizing medium
1
and rammed to bring up to within 1g- inches of the final surface. It is
desirable to ram the top coat to a thickness slightly in excess of the
finished thickness and then to scrape off carefully, using a straight
edge laid across the forms to remove tool marks. A final light application
of the rammer would then give the best finish obtainable. If the floor
is to be laid in CINVA-RAM tiles or blocks, these must also be laid on
a rammed base course.
c) Walls: In the main there will be no major difference in the use
of stabilized soil /ailing as comparable with conventional material. A
few precautions, however, are desirable.
i) The mortar for laying blocks should not be appreciably stronger
than the blocks themselves. This will enable small movements due to
shrinkage of the blocks to be accommodated in the joints without causing
general cracking through the blocks.
ii) .Realizing that the compressive and shear strengths of stabilized
soil may often be lower tlian for normal brickwork and concrete blocks it
is desirable to ensure that concentrated load3 are well distributed on
the wall.
1. UNITED NATIONS: "Soil Cement, its use in Building", New York, 1964*
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iii) Stabilized soil walling is more sensitive to changes in moisture
content than traditional material. Special care is needed in the design
and construction of features where exposure is particularly severe.
Parapets should be provided with concrete coping and walls below ground
level and up to a height of 12" above ground level should either be built
in concrete or else provided with effective waterproofing on the outside.
A cement-based paint on the lower part of the wall up to 12" above ground
level should provide sufficient protection against rainwater splashing
against it.
iv) External angles are particularly liable to injury by impact.
It is therefore desirable that in work rammed in place a fillet should
be placed in shuttering to provide a 45° chamfer. Purpose-made corner
bricks and blocks may include a chamfer or alternatively the proportion
of cement may be increased.
As far as structural design of walls is concerned it is suggested
that the stabilized soil should be treated in exactly the same way as
other masonry materials such as brick or concrete blocks. British Standard
Code of Practice C.P.111 (Structural Recommendations for load-bearing
walls) should be followed in this respect.
d) Roofs; Dwellings with walls constructed of stabilized soil can
be roofed with any conventional form of construction. Ho special requirement
is imposed. In view of the fact that stabilized soil is inherently
somewhat sensitive to changes of moisture content it is recommended that
where sloping roofs are used there should be a fairly generous overhang
at eaves and verges. Care should be taken in the design of rainwater
drainage to ensure that walls are not regularly flooded in heavy downpours
from overflowing gutters and the like. There should however be no fear
of any catastrophic consequences from an occasional flooding due to
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abnormal rainfall because adequate durability of the material is proved
fran the experiments in this study.
In considering how far stabilized soil can itself provide a solution
to the roofing problem of the low co3t dwelling, it may be concluded from
first principles that the soope of the material is limited. There are
basically only three possible solutions:
a) The beam or slab of reinforced concrete, steel or timber.
A variant of (a) in the form of trussed construction in
sloping roofs of timber or steel and, recently, aluminium.
b) The catenary.
c) The dome or vault.
Various attempts have been made in many countries to find some
economical solution to roofing problems, yet reinforced concrete slab
remains the most commonly used method of roof construction with the
traditional materials like burnt brick in the Indus Basin.
As far as the use of stabilized soil for this purpose is concerned
it is just possible that a first class stabilized soil might provide a
substitute for concrete in reinforced concrete. It is nevertheless
doubtful that adequate strengths can be attained in this material for
this purpose, but it may be possible to use it as infill in reinforced
concrete joists in a similar way to hollow pot construction.
There hardly seems any place for this material in trussed construction.
The catenary is the direct opposite of the dome as it induces almost
exclusively tensile forces offering no use for stabilized soil.
The only other alternative left is the dome and vault and here
stabilized soil may provide a solution given sufficient attention. A
substantial dome or vault ring could be designed to function well within
the stress range of a good stabilized soil. The trend of development of
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roofs over the years has, however, been away from the dome and vault.
Though they are basically structures involving mainly compressive forces,
dome3 and vaults exert a powerful horizontal thrust at their springing.
This horizontal force requires adequate buttressing in the walls which
soon become uneconomic, or else it must be taken by steal tie-rods in
the case of a vault, or by a steel ring, with or without tie-rods, in the
case of a dome. Given a thorough understanding of these problems and a
durable material like stabilized soil, a project like Alqurna must have
been a commendable example of the suitability of this material for dome
1
and vault roof construction.
There is another structural form which introduces no appreciable
tensile forces and is quite suitable for exploitation in stabilized soil.
This i3 the parabolic arch and it is the form which theoretically involves
entirely compressive forces in the ring. In India the experimental houses
using the parabolic vault in stabilized soil have stood in use since their
2
construction in 1947• The struoture combines roof and walls and merely
needs incorporation of a waterproofing to exolude rain. Development of
this type, however, has the psychological disadvantage that it is unfamiliar,
and therefore unpopular with the general public. Also it still requires
the hand of a skilled architect to produce aesthetically satisfactory
combinations of vaults, and to transform a basic structural shape into a
habitable and attractive dwelling. The parabolic vault exerts an outward
horizontal thrust at its base and this must be adequately restrained,
failing which the vault will collapse. Thus a special foundation problem
is imposed.
1. Dee page 47•
2. Experiments in stabilized soil vaulted housing at The Building and Soads
Research Laboratory, Karnal, East Panjab, Indian Roads Congress 19&5•
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A number of thin 3helled reinforced concrete roofs for housing were
developed by Baroni in Israel.'' The object was to reduce the consumption
of steel and concrete to the minimum. These experiments have shown that
thin reinforced concrete shells can be used successfully with small
stabilized soil houses and that curvilinear surfaces enable maximum
advantage to be taken of thin shells. The practical utilization of the
thin shell roof calls for a simple, easily withdrawable set of shuttering
and by the Baroni method the roof must be built first on piers and
reinforced concrete columns, the walls being filled in afterwards. This
has the disadvantage that the potential strength of the walls for sustaining
the roof-loads is put to no useful purpose. Feasibility of making
hyperbolic paraboloid thin shells in sections and lifting them into
position should also prove to be a fruitful field of experimentation.
The thin shell, however, has neither good insulation nor appreciable
thermal capacity, which would make it very uncomfortable in the hot climate
of the Indus Plains. Additional thermal treatment would therefore have
to be developed. Use of stabilized soil for this purpose could be considered.
It is apparent from this brief discussion that a great deal of work
naed3 to be done in the constructional aspects of soil stabilization,
particularly in the development of a suitable form of roof construction
comparible with low strengths of this material. The application of
stabilized soil to low-cost housing, however, does not have to wait for
the outcome of these developments. Although it has the potential for
adaptability to more progressive and efficient building techniques that
may be developed in due course, it can as easily and effectively be used
in any of the present forms of construction.
1. 'MINISTRY OF LABOUR: "Soil Construction", Jerusalem, Israel, 1957.
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